Aptamer sensors for live-cell imaging of Pol II promoter activity by Ray, Judhajeet
Graduate Theses and Dissertations Graduate College
2014
Aptamer sensors for live-cell imaging of Pol II
promoter activity
Judhajeet Ray
Iowa State University
Follow this and additional works at: http://lib.dr.iastate.edu/etd
Part of the Biochemistry Commons
This Dissertation is brought to you for free and open access by the Graduate College at Digital Repository @ Iowa State University. It has been accepted
for inclusion in Graduate Theses and Dissertations by an authorized administrator of Digital Repository @ Iowa State University. For more
information, please contact digirep@iastate.edu.
Recommended Citation
Ray, Judhajeet, "Aptamer sensors for live-cell imaging of Pol II promoter activity" (2014). Graduate Theses and Dissertations. Paper
14283.
 
 
 
Aptamer sensors for live-cell imaging of Pol II promoter activity 
 
 
by 
 
Judhajeet Ray 
 
 
 
A dissertation submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Biochemistry 
 
Program of Study Committee: 
Marit Nilsen-Hamilton, Major Professor  
George A. Kraus 
Michael Shogren-Knaak 
Linda Ambrosio 
Jeffrey J. Essner 
 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2014 
 
 
 
Copyright © Judhajeet Ray, 2014. All rights reserved. 
  
	  	  
ii 	  
DEDICATION 
 
I dedicate this dissertation to my mother, who has always been my inspiration. 
  
	  	  
iii 	  
TABLE OF CONTENTS 
                                                                                                                                       Page 
ACKNOWLEDGEMENTS ........................................................................................... vii 
ABSTRACT .................................................................................................................... viii 
CHAPTER 1. INTRODUCTION .................................................................................... 1 
Dissertation Organization ............................................................................................... 1 
Research Aims and Significance .................................................................................... 3 
CHAPTER 2. LITERATURE REVIEW ........................................................................ 9 
Aptamers ......................................................................................................................... 9 
SELEX ...................................................................................................................... 10 
Aptamers to small molecules and antibiotics ............................................................ 13 
Aptamers against nucleosides/nucleotides/nucleobases ....................................... 14 
Aptamers against small organic molecules ........................................................... 19 
Aptamers against organic dyes ............................................................................. 21 
Aptamers against antibiotics ................................................................................. 23 
Application of Aptamers in Imaging RNA & Transcriptional Dynamics .................... 31 
Probe design with aptamers ...................................................................................... 32 
Imaging RNA and gene expression .......................................................................... 34 
Imaging with hybridization probes ....................................................................... 35 
Imaging with aptamer probes ................................................................................ 37 
Aptamers as Therapeutics ............................................................................................. 44 
References ..................................................................................................................... 53 
CHAPTER 3. LIVE-CELL IMAGING OF POL II PROMOTER               
ACTIVITY TO MONITOR GENE EXPRESSION WITH RNA                
IMAGETAG REPORTERS .......................................................................................... 63 
Abstract ......................................................................................................................... 64 
Introduction ................................................................................................................... 64 
Materials and Methods .................................................................................................. 66 
Solutions and reagents .............................................................................................. 66 
Yeast and plasmids ................................................................................................... 67 
FRET image acquisition and analysis ....................................................................... 67 
Quantitative analysis of IMAGEtag transcripts by RT-qPCR .................................. 69 
Results ........................................................................................................................... 70 
Basic strategy ............................................................................................................ 70 
IMAGEtags specifically detected by FRET ............................................................. 71 
Cell to cell variability of promoter activity ............................................................... 72 
Real time measurement of promoter activity ............................................................ 74 
Discussion ..................................................................................................................... 74 
Conclusion .................................................................................................................... 80 
	  	  
iv 	  
Acknowledgements ....................................................................................................... 81 
Figure Legends .............................................................................................................. 82 
Figures........................................................................................................................... 85 
References ..................................................................................................................... 89 
Supplementary Information .......................................................................................... 91 
Methods related to supplementary figures ................................................................ 91 
Fluorescently labeled ligands (Figure S1) ................................................................ 91 
Ligand properties ...................................................................................................... 94 
Spectroscopic measurements (Figure S2) ............................................................. 94 
Toxicity (Figure S3) .............................................................................................. 94 
Cloning repetitive sequences (Figures S4 and Tables S2 and S3) ............................ 95 
Aptamer-ligand binding determined by Isothermal titration                            
calorimetry (Figure S5) ............................................................................................. 99 
IMAGEtag and endogenous gene expression determined by                         
quantitative analysis of transcripts by RT-qPCR (Figure S6) ................................ 100 
β-galactosidase assay for time course of appearance of a protein                         
reporter after GAL1 activation (Figure S7) ............................................................ 101 
Spinach clones ........................................................................................................ 102 
Spinach RNA synthesis and analysis (Figure S9) ................................................... 102 
Comparison of Spinach aptamer function driven by the 5S and                             
GAL1 promoters (Figures S10-S11) ....................................................................... 103 
Supplementary Tables ................................................................................................. 104 
S1.  Affinities of the tobramycin aptamer for tobramycin and its                 
fluorescently conjugated derivatives ....................................................................... 104 
S2. Cloned inserts with repetitive sequences .......................................................... 105 
S3. Biological stability of cloned repeated sequences ............................................ 107 
Supplementary Figures ............................................................................................... 108 
Figure S1. Structures of synthesized ligands .......................................................... 108 
Figure S2. Absorbance and fluorescence spectra of aptamer ligands ..................... 109 
Figure S3. Toxicity for S. cerevisiae of fluorescently modified ligands ................ 110 
Figure S4. Cloning strategy for expanding the number of copies of a                      
DNA sequence to produce a repeating sequence. ................................................... 111 
Figure S5. Binding affinity between tobramycin and single or multiple               
tandem tobramycin aptamer determined by ITC .................................................... 113 
Figure S6. Time-course of changes in RNA levels after induction of                  
5xTOB IMAGEtags and galactokinase in yeast ..................................................... 115 
Figure S7. Time-course of change in β-galactosidase activity with                       
GAL1 promoter activation ...................................................................................... 116 
Figure S8. Stabilities of the IMAGEtag RNAs ....................................................... 117 
Figure S9. Analysis of Spinach RNA in vitro......................................................... 119 
Figure S10. Expression of Spinach from the GAL1 promoter ............................... 120 
Figure S11. Comparison of Spinach fluorescence when expressed                         
from the 5S and GAL1 promoters .......................................................................... 121 
Figure S12. Quantification of Spinach fluorescence .............................................. 123 
Figure S13. The effect of IMAGEtag expression on Yeast growth                            
and ACT1 mRNA levels ......................................................................................... 124 
	  	  
v 	  
Figure S14. Variations in FRET values for individual cells with                     
different promoters under different conditions of preculture                                    
and induction by galactose ...................................................................................... 125 
Figure S15. FRET efficiency is the same for all lengths of                            
IMAGEtags ............................................................................................................. 127 
Figure S16. Images of individual channels from FRET experiments ..................... 128 
Figure S17. Sensitized emission of PDC expressing cells with                               
PDC-Cy3 (donor) .................................................................................................... 129 
Figure S18. Examples of structural predictions for IMAGEtags ............................ 130 
Supplementary References ......................................................................................... 131 
CHAPTER 4. THE ABILITY OF RNA APTAMERS TO PROMOTE              
SMALL MOLECULE ACCUMULATION IN CELLS; POTENTIAL        
NUTRIENT PROCURERS OF THE RNA WORLD ............................................... 132 
Abstract ....................................................................................................................... 133 
Introduction ................................................................................................................. 133 
Methods....................................................................................................................... 135 
Expression vectors .................................................................................................. 135 
Cloning .................................................................................................................... 136 
Cell growth analysis ................................................................................................ 136 
RT-PCR .................................................................................................................. 137 
Results ......................................................................................................................... 137 
Aptamers increase intracellular free drug concentration ........................................ 137 
Aptamer affinity determines the amount of free vs. chelated intracellular 
aminoglycoside ....................................................................................................... 138 
acrD abundance influences the balance of free and bound ligand due                        
to aptamer ................................................................................................................ 139 
Discussion ................................................................................................................... 139 
Acknowledgment ........................................................................................................ 142 
Figure Legends ............................................................................................................ 143 
Figures......................................................................................................................... 145 
References ................................................................................................................... 149 
CHAPTER 5. GENERAL CONCLUSIONS .............................................................. 150 
Live Cell Imaging of Pol II Promoter Activity Can be Achieved                                  
by IMAGEtags ............................................................................................................ 150 
Developing an Additional Imaging System with Aptamers ....................................... 152 
	  	  
vi 	  
APPENDIX. DEVELOPMENT OF AN APTAMER BASED           
RADIOIMAGING APPROACH TO MONITOR GENE                          
EXPRESSION ............................................................................................................... 155 
Introduction ................................................................................................................. 155 
Materials ..................................................................................................................... 156 
Methods....................................................................................................................... 158 
In silico designing of Spinach2 multiaptamer secondary structures ....................... 158 
Preparation & analysis of Spinach2 and Spinach2 dimers (Spinach2-2x) ............. 158 
DFHBI displacement assay ..................................................................................... 159 
Results ......................................................................................................................... 159 
Engineering a functional Spinach2 multiaptamer ................................................... 159 
Multimerization leads to enhanced fluorescence .................................................... 159 
Potential ligands of Spinach2 aptamer .................................................................... 160 
Discussion ................................................................................................................... 160 
Figure Legends ............................................................................................................ 161 
Figures......................................................................................................................... 163 
References ................................................................................................................... 168	  
 
  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  
vii 	  
ACKNOWLEDGEMENTS 	  
I would like to thank my advisor Prof. Marit Nilsen-Hamilton for her constant 
support and guidance during my doctoral studies. Marit has guided me through all the 
hurdles during my research and patiently taught me all that is necessary to be a successful 
researcher. Her wisdom and diligence would keep on inspiring me throughout my career. 
I would also thank Lee Bendickson who is our lab manager and the key person to teach 
me the technical details necessary for doing successful experiments. Special thanks are 
given to Prof. George Kraus for his support and collaboration throughout my graduate 
work. I would also thank my committee members Dr. Michael Shogren-Knaak, Dr. Linda 
Ambrosio and Dr. Jeffrey Essner for their guidance. 
I would like to thank Samir Mehanovic for selecting the PDC aptamer and helping 
me initially when I joined the lab. I am grateful to Dr. Tianjiao Wang for his scientific 
advice and ideas. I am thankful to Dr. Ilchung Shin, Dr. Xiaoling Song and Dr. Muslum 
Ilgu for helping me in my experiments during the initial years of graduate work. Thanks 
to Dr. Lijie Zhai and Dr. Pierre Palo for their advice. I would also thank Shambhavi 
Shubham, Shuren Feng and Supipi Liyamali Auwardt, for their helpful discussions and 
for being great friends. 
This dissertation is dedicated to my mother who is my eternal emotional and 
intellectual support. I am grateful to my mother and brother without whom I would not 
have gotten this far. Thanks to my wife Saheli Sengupta, who has been a true friend, 
philosopher and guide. She has been a constant support in the crests and troughs of my 
graduate life. I would also thank my friends in Ames for their love and support that made 
my stay at ISU feel like a home away from home.	  
	  	  
viii 	  
ABSTRACT 	  
Development of multicellular organisms depends on spatial and temporal expression 
of certain genes. The spatio-temporal control is achieved by several factors involved in 
the key phases of gene expression. Understanding the dynamics of transcription is hence 
necessary to dissect these regulatory mechanisms. Several imaging techniques have been 
developed that provide insights into the transcriptional events but their applicability has 
been limited by factors like choice of reporter and target selection. We have developed an 
aptamer-based reporter system to detect changes in polymerase II (Pol II) dependent 
promoter activity in living cells and in real time. The RNA reporters known as 
IMAGEtags (Intracellular MultiAptamer GEnetic tags) consist of a series of tandem 
aptamers that bind small membrane-permeable ligands as reporters for promoter activity. 
If the ligands are labeled with fluorophores, such as Cy3 or Cy5, the FRET (Förster 
resonance energy transfer) interaction can be used to monitor aptamer presence in the 
cells. In this study IMAGEtags were expressed from several Pol II promoters in yeast 
cells that were incubated with the labeled ligands. Both inducible and constitutive 
promoter activities were detected with IMAGEtag reporters, which were used to image 
real time changes in transcription from an inducible GAL1 promoter in yeast. The FRET 
output from aptamer ligands bound to IMAGEtags reflected variations in gene expression 
due to changes in media composition. In another imaging approach, aptamers were tested 
in bacteria and yeast for their capability of increasing the intracellular concentration of a 
supplied ligand. The aptamers were shown to increase the total and free intracellular 
concentrations of their ligands. Thus, aptamers can be applied to imaging the spatial and 
temporal expression of genes in living cells that express them.	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CHAPTER 1. INTRODUCTION 
Dissertation Organization 
	  
This dissertation contains five chapters and an appendix. 
Chapter 1 is a general introduction to the dissertation organization and discusses the 
research aims and significance of development of aptamer sensors for imaging promoter 
activity. 
Chapter 2 is a literature review of aptamers and their applications with a special 
focus on aptamers against small molecules and antibiotics. It also discusses how aptamers 
are applied for molecular imaging specially in imaging RNA and RNA biology. In the 
next section the role of aptamers as therapeutics have been discussed with some 
discussion of why after 25 years very few aptamers are in clinical trials with one 
approved by the FDA to date. 
Chapter 3 discusses the development of IMAGEtags  (Intracellular MultiAptamer 
GEnetic tags) as an RNA aptamer based reporter system for live cell imaging of Pol II 
promoter activity. This is a paper published in Nucleic Acids Research. The manuscript is 
followed by the supplementary information that supports the data presented in the main 
paper. The roles of the co-authors are as follows: Judhajeet Ray developed the yeast 
system with primarily PDC IMAGEtags, optimized experimental procedures and data 
collection methods, developed quantitative FRET (Förster resonance energy transfer) 
imaging, verified FRET by multiple methods, performed real time FRET measurements, 
developed the IMAGEtag system with constitutive promoters and setup the Spinach 
aptamer imaging system in yeast. Ilchung Shin initiated the project and worked mostly 
with tobramycin IMAGEtags, performed initial FRET studies and qPCR (quantitative 
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polymerase chain reaction), checked stabilities of IMAGEtag RNA and performed β-
galactosidase assay and in vitro assays with multiaptamers. Vinayak Gupta and Jonathan 
Beasley synthesized the aptamer ligands used in the study, George Kraus mentored both 
Vinayak Gupta and Jonathan Beasley. Lee Bendickson and Eirik Haarberg developed the 
cloning strategies for IMAGEtags, Muslum Ilgu checked the stabilities of neomycin 
IMAGEtag plasmids. Samir Mehanovic selected the PDC aptamer. Marit Nilsen-
Hamilton is the corresponding author, who conceived the project and mentored Judhajeet 
Ray, Ilchung Shin, Muslum Ilgu and Samir Mehanovic, and supervised the work 
including designing experiments, analyzing the data and wrote the manuscript with 
Judhajeet Ray and Ilchung Shin. All coauthors contributed in editing the manuscript. 
Chapter 4 is a study that investigates the ability of RNA aptamers to increase the 
intracellular concentration of a ligand in bacterial and yeast cells. This work is a 
manuscript in preparation and the authorship is currently presented alphabetically. 
Judhajeet Ray designed experiments with mainly 30NEO4A aptamer, compared with 
23NEO1A aptamer, designed RT-PCR experiments and developed the yeast system. 
Supipi Liyamali Auwardt designed experiments with 23NEO1A aptamer in bacteria and 
performed the fluorescence uptake assay. Muslum Ilgu initiated the project with 
23NEO1A aptamer and tested the binding of aminoglycosides to various RNA aptamers. 
Marit Nilsen-Hamilton is the corresponding author who conceived the project and wrote 
the manuscript with Judhajeet Ray. 
Chapter 5 is a general conclusion of the studies performed in Chapters 3 and 4. 
Appendix describes the development of a radioimaging technique utilizing the Spinach2 
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aptamer. It introduces the significance of the project, summarizes the current results and 
discusses the future directions for developing the technique.   
 
Research Aims and Significance 
	  
Regulation of gene expression involves several control mechanisms in the 
transcriptional and post-transcriptional phases. Alterations of the regulatory mechanism 
are the key factors responsible for altered cellular behavior and fate. Therefore a deep 
understanding is required to dissect the details of gene expression in the RNA level, as it 
is the first product formed from the gene. There are several techniques that have enriched 
our understanding of gene expression but unfortunately most of them are based on 
invasive procedures. Breaking up cells to extract the macromolecules end up in loss of 
spatial and temporal information, which is very relevant in terms of any cellular process. 
Moreover invasive techniques generally deal with population of cells to assess a process, 
which again result in loss of information from single cells. Single cell behavior might be 
different in a population and the final detectable effect is the average of all the cells 
involved. Live cell imaging is therefore necessary with a reporter molecule that allows us 
to capture the in situ processes in a single cell.  
For imaging transcriptional activity two types of approaches are adopted, one that 
involves a historic reporter and the other involves a real time reporter. A historic reporter 
is basically a reporter protein that generates a luminescent signal upon activation of a 
promoter. But all these reporter proteins require a specific maturation time and 
environment suitable for signal generation that is significantly later from the time of 
production of the RNA. This does not provide the real picture of the transcriptional 
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status, as the protein still remains active in spite of the RNA being degraded. Moreover 
overexpression of these proteins might lead to toxicity that can change cellular functions. 
The other type of reporter captures a cellular process at the time and space of occurrence. 
This allows imaging cellular events in a chronological fashion during development and 
also when cells are communicating with each other. Real time reporter of transcription 
can provide us the information of which genes are activated or how a gene’s 
transcriptional profile change upon interaction of a cell with its neighbors.  
Certain cellular functions depend on the distribution of RNA molecules in a cell. For 
example the ASH1 mRNA localizes to the bud tip of yeast to establish asymmetry of HO 
expression required for mating type switching (1). Therefore single molecule imaging has 
become necessary to understand cellular events. Single molecule FISH (Fluorescence in 
situ hybridization) is such a technique that can visualize individual RNA molecules in a 
cell. Although this technique has managed to achieve single molecule resolution, it 
depends on cellular permeabilization and thereby damages the cells. Live cell imaging 
using this technique still remains challenging.  
Till date there are two types of probes that have been used successfully in imaging 
gene expression in living cells. Both the techniques have utilized RNA aptamers and their 
ligands. RNA aptamers provide several advantages to be utilized for molecular imaging. 
Aptamers can be used as probes that upon binding to a target molecule undergo 
rearrangement or causes conformational changes of the ligand itself to generate a signal.  
Moreover RNA aptamers can be tagged to the target molecule being co-expressed in the 
cell and can generate signal upon ligand binding. The technique that was developed 
almost 20 years ago utilizes the aptamer against the bacteriophage MS2 coat protein and 
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the MS2-GFP fusion protein as the ligand. In one plasmid multiple repeats of the aptamer 
is embedded at the end of an mRNA (messenger RNA) and the cells are co-transfected 
with another plasmid harboring the MS2-GFP fusion protein. The fusion protein is stably 
expressed in the cells and the aptamer containing mRNA expression causes redistribution 
of MS2-GFP thereby concentrating the fluorescence at certain spots. Such a system has 
been applied in dissecting transcriptional initiation and elongation events but it is still 
plagued with high background fluorescence that makes it difficult to distinguish the true 
signal from noise. This system also requires oxygen for maturation of the GFP (Green 
fluorescent protein) chromophore thereby limiting its application in anaerobic 
environments. A probe based on a protein molecule brings in lot of load on the RNA 
molecule to be imaged thereby opening up the possibility of alterations in its trafficking 
properties. To decrease the high background by the MS2-GFP proteins, split systems 
have developed involving aptamers that bring in split GFPs linked with two different 
RNA binding proteins. However this system also requires longer maturation times for the 
reconstituted protein and remains active even after degradation of the RNA. The non-
protein based technique that has been shown to function in live cells utilizes another 
aptamer called Spinach or Spinach2. This aptamer binds to a non-fluorescent ligand 
rendering it fluorescent upon binding. The Spinach aptamer has been shown not to 
generate any fluorescence upon binding cellular RNA. But we have found that the 
Spinach system can be utilized for imaging 5s rRNA (ribosomal RNA) expressed from 
the RNA polymerase III promoter but cannot be used to detect messenger RNAs from a 
GAL1 promoter in yeast. The system has a low fluorescence intensity thereby limiting 
detection of low abundant molecules and quantitative live cell imaging. It has been 
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reported that illumination causes dissociation of the Spinach-ligand complex by inducing 
photoconversion leading to fast fluorescence decay (2). 
Imaging promoter activity with small molecule aptamer-ligand combination has 
several advantages over protein-based sensors. Small molecules can be easily 
synthesized, labeled and delivered into cells. Binding of small molecules to the aptamer 
does not increase the load significantly. However before developing such a small 
molecule aptamer based system it should be verified that the ligands and the aptamer 
expression do not change the viability of the cells. In this dissertation development of 
such a system is described in chapter 3 that is known as IMAGEtag (Intracellular 
MultiAptamer GEnetic tag).  This RNA reporter system utilizes RNA aptamers against 
small molecules. The small molecules are separately labeled with one of the FRET pair, 
Cy3 and Cy5. The multiaptamers are embedded downstream of a polymerase II promoter 
of choice which can be constitutive or inducible. Upon incubating the cells with the 
respective ligands, live cell imaging is performed to visualize the expression of the 
multiaptamer via FRET signal. The IMAGEtags and the ligands were seen to be non-
toxic for the cells and did not change endogenous gene expression. IMAGEtags have 
been shown to detect pol II transcriptional activity from individual cells in real time and 
is capable of showing cellular variations in transcription due to variations in media 
compositions. 
Background noise is always an issue associated with molecular imaging techniques. 
The main reason is that the ligands used for imaging tend to stick non-specifically to the 
cellular components. Sophisticated molecular imaging tools require ligands that enter and 
leave the cells easily. Concentrating the labeled ligands inside the cells only upon 
	  	  
7 	  
promoter activation can be a potential way of reducing noise. This can be achieved by 
expressing aptamers that trap the ligands inside the cells thereby inhibiting the export of 
the ligands. Chapter 4 describes the development of another aptamer-based system that 
increases the intracellular concentration of a ligand. The idea has been tested in 
prokaryotic (bacteria) and eukaryotic (yeast) models showing that expressing 
aminoglycoside aptamers increase the total aminoglycoside concentration inside the cells. 
The trapped ligands can either be in the free or in the bound form with the aptamer 
depending on its affinity to the aptamer. In addition to imaging, the aptamers have also 
shown to kill the bacterial or yeast cells by virtue of the trapped aminoglycosides. The 
killing effect in bacteria has been observed in relation to an equilibrium maintained by 
the expression of aminoglycoside drug pumps, ribosomes and the aptamer. This approach 
also has the potential of being used to treat cancer cells where cells develop resistance to 
chemotherapeutic drugs by virtue of the drug pumps. The results also provide a 
hypothesis that the RNA aptamers were probably the means of procuring and 
concentrating the nutrients in protocells hence supporting the RNA world hypothesis.   
Although fluorescent methods are broadly applicable for cellular imaging, it still 
remains a challenge for imaging whole animals due to sensitivity and tissue depth. 
Keeping this in mind we have started developing another radioisotope based imaging 
system that is described in the Appendix section. In this system we are trying to use the 
Spinach2 aptamer and non-fluorescent derivatives of DFHBI (3,5-difluoro-4-
hydroxybenzylidene imidazolinone) for radioimaging. Multimers of the Spinach2 
aptamer have been designed that are to be used for mRNA imaging using radiolabeled 
DFHBI derivatives. The Spinach2 aptamer binds to some derivatives of DFHBI to form 
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non-fluorescent complex.  However the affinity of this aptamer is not in the range of 
working concentrations of the radiolabeled ligand. Hence this aptamer needs to be doped 
or a new aptamer needs to be selected with higher binding affinity to the ligand. 
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CHAPTER 2. LITERATURE REVIEW 
Aptamers 
 
Nucleic acids were long considered as the key molecules solely involved in storage 
and expression of genetic information until the discovery of non-coding RNAs. These 
molecules exploit the structural characteristics of nucleic acids to implement a variety of 
functions including gene regulation, catalysis and specific ligand binding (3). With this 
knowledge evolved a new class of synthetic nucleic acid molecules called “Aptamers” 
(derived from the Latin ‘aptus’, to fit) (4). These are small single stranded DNAs or 
RNAs (in range of 15-150 nucleotides, ideally 20-40 nt) (5) that fold into a well-defined 
three–dimensional structure, bind to target ligands with high affinity and specificity and 
are selected in vitro by Systematic Evolution of Ligands by Exponential enrichment or 
SELEX (6, 7). Although the first aptamers were small nucleic acid molecules, this 
concept of selection was also applied to obtain peptide aptamers, which consist of a short 
(~10-20 amino acids), variable random peptide sequence attached to a protein scaffold 
(8). The first aptamer was selected in late 1960s by Sol Spiegelman by utilizing 
amplification, replication, and selection of a population of RNA molecules amplified in 
vitro by the Qβ bacteriophage replicase, an RNA dependent RNA polymerase. The 
intrinsic error-prone amplification of the polymerase generated some RNAs with altered 
sequences from the genomic RNA of Qβ, which served as the template for production of 
additional copies. After multiple rounds of amplification a population of RNA evolved 
that was more efficiently amplified, compared to the original template. The RNAs in this 
population were better ligands for the replicase thereby serving as better templates for 
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their own amplification (9). Later Craig Tuerk and Larry Gold selected RNA ligands to 
bacteriophage T4 DNA polymerase (7) and in the same year Andrew Ellington and Jack 
Szostak selected RNAs which bound to small molecules and named them “Aptamers” 
(4). Since 1990 several aptamers have been developed and applied as sensors, 
therapeutics, drug delivery agents and probes for molecular imaging. This section 
discusses nucleic acid aptamers including their selection process, target recognition and 
applications. 
SELEX 
The term ‘SELEX’ or Systematic Evolution of Ligands by Exponential enrichment 
was coined by Tuerk and Gold in 1990. Both the Szostak and Gold labs utilized in vitro 
selection to isolate RNAs from random sequences against certain chosen targets which 
mimicked metabolic factors and viral DNA polymerase (4, 7). Single stranded DNA 
(ssDNA) molecules were also selected against small organic dyes using this technique 
(10) showing that DNA or RNA can be selected in vitro  against a target by the virtue of 
formation of complex tertiary structures which allow specific binding. 
The SELEX process starts with a large pool of chemically synthesized ssDNA with 
random sequences that form an oligonucleotide library of 1013 to 1015 oligonucleotides 
(11). This pool is extended by polymerase or amplified by PCR (polymerase chain 
reaction) to form a double stranded DNA (dsDNA) pool. If the intention is to select an 
RNA aptamer, the dsDNA pool is transcribed in vitro to generate RNA molecules. For 
DNA aptamer selection, the single stranded oligonucleotide pool is incubated with the 
target ligand. The target is often immobilized on a matrix, creating an affinity matrix that 
enables separation of the oligonucleotides binding to the target from the non-binders. For 
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RNA-SELEX the bound RNAs are eluted from the affinity matrix and reverse transcribed 
to generate cDNA molecules that are further amplified by PCR, whereas in case of DNA-
SELEX the eluted DNAs are directly subjected to PCR. The amplicons are used for 
generating the pool for the next selection-amplification cycle. This iterative process 
reduces the starting random pool to a few (usually 1-10) families of sequence motifs with 
higher than average affinities for the target. Initially, selections by SELEX were taken 
through the number of rounds after which it was estimated that no further enrichment 
could be achieved. An analysis of many successful SELEX experiments identified 7 to 22 
rounds were performed to achieve an aptamer with a mean of 12 ± 4 and a median of 12 
(12). However, current approaches to identify growing aptamer families involve 6 or 
fewer rounds and the use of next generation sequencing and informatics to analyze the 
selected aptamer motifs. 
Since the discovery of SELEX, several new strategies of modified SELEX have 
emerged to select aptamers with specific features such as high specificity, cross-linking 
ability, additional features, multi target binding ability, or binding ability against whole 
cells or tissues or cell surface biomarkers. Specificity is an important feature of an 
aptamer. The technique of Counter-SELEX was designed to select aptamers with the 
ability to distinguish between closely related targets. An RNA aptamer binding to 
theophylline with a Kd of 0.1micromolar was selected which had a 10,000 fold greater 
affinity for theophylline than for caffeine, which differs from theophylline only by a N-7 
methyl group (13). This high selectivity was achieved by introducing a selection step to 
remove oligonucleotides binding caffeine.  
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To select aptamers with additional features, a technique called Blended SELEX was 
designed in which a small molecule covalent inhibitor of elastase was coupled to the 
random RNA pool by a splint DNA and selection was done against human neutrophil 
elastase. When linked to the aptamer, the inhibitor was about two orders of magnitude 
more inhibitory compared with the valyl phosphonate. The aptamer-linked inhibitor all 
showed increased the specificity for elastase (14). Another special form of Blended 
SELEX, which was designed to optimize aptamer activity for gene therapy, is 
Expressions cassette-SELEX (15). Multi target binding aptamers were engineered by 
linking the aptamers for different ligands. This technique was called Chimeric SELEX in 
which pairs of aptamers previously selected to bind coenzyme A, chloramphenicol or 
adenosine were linked and again reselected applying dual selection pressure. The new 
chimeras retained the original binding domains and showed binding to both targets (16).  
Live pathogenic organisms or cancer cells are used as targets to generate aptamers by 
a process known as Cell SELEX. The main advantage of this type of SELEX is that 
aptamers are generated against the native conformation of the target molecule residing on 
the live cell surface. Aptamers can be selected against novel molecules present on the 
cells that have not been purified. These aptamers could become effective therapeutic 
agents against a diseased cell type if they can distinguish it from healthy cells. The first 
Cell-SELEX was used against Trypanosoma brucei (17). Aptamers have also been 
developed against Glioblastoma cell line, Burkitt’s lymphoma cell line Ramos, T-cell 
lymphoblastic leukemia CCRF-CEM using Cell-SELEX against these targets (18).  
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Targets for aptamer selection 
Several types of target molecules have been used to raise aptamers with Kds in the 
micromolar to picomolar range. Molecules like amino acids, peptide and proteins, 
nucleotides, nucleic acids, carbohydrates, small organic molecules, organic dyes, 
antibiotics, inorganic ions and even viruses and whole cancer cells have served as targets 
to generate aptamers. The first protein to be used as a target for aptamer selection was 
thrombin (19). Aptamers against Vascular endothelial growth factor (Macugen), Factor 
IXa, and thrombin are either available as therapeutics or are underway in clinical trials 
(20). Although several types of targets can be used to raise an aptamer, there are some 
general characteristics required for a molecule or molecular assembly to be a suitable 
target. Just like antibodies, aptamers require specific structural motifs for binding, 
positively charged groups on a target increase the binding efficiency by interacting with 
the negatively charged nucleic acid. The presence of hydrogen bonds, aromaticity, and 
planarity increase the potential for aptamer binding (21). Aptamers frequently undergo 
adaptive conformational changes upon ligand binding (22), which is a feature utilized in 
certain applications. In this section I focus on small molecule targets and antibiotics that 
have been used for aptamer selection. 
 
Aptamers to small molecules and antibiotics 
A large number of small molecules have been used as aptamer targets. Some of these 
aptamers can be used as tags for purifying or for labeling (23). Among this library of 
molecules, this discussion will mainly focus on aptamers to nucleoside/nucleotides, small 
organic molecules, organic dyes and antibiotics. 
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Aptamers against nucleosides/nucleotides/nucleobases 	  
The first aptamer against a nucleotide was the ATP (adenosine triphosphate) aptamer 
selected by Sassanfar and Szostak (24). In this experiment the ATP molecules were 
immobilized on a solid support of agarose columns with the ATP linked to agarose in the 
C8 position. The bound RNAs were eluted by ATP leaving behind any RNA that might 
bind the agarose column. After 6 rounds of selection and amplification a population of 
RNA was eluted which bound specifically to ATP and not to GTP (guanosine 
triphosphate), ITP (inosine triphosphate), CTP (cytidine triphosphate) or UTP (uridine 
triphosphate). The aptamer was truncated and a 40-nucleotide sequence flanked by stems 
of six base pairs with a stem-bulge-stem secondary structure was found to bind to ATP 
with a Kd of 0.7-8 µM depending upon specific salt and magnesium ion concentrations. 
ATP, AMP (adenosine monophosphate) and adenosine also bound this RNA, which 
suggested that 5’ position on the ribose moiety was not recognized by the aptamer. The 
DNA sequence of the RNA aptamer was inactive for binding ATP.  
To compare DNA and RNA aptamers selected for the same target, the Szostak group 
used the same affinity chromatography approach as used for the RNA aptamer to select a 
DNA aptamer that binds adenosine and ATP (25). A 25-nucleotide DNA aptamer with a 
Kd of 6 ± 3 µM for adenosine was selected for which binding depended on the N7, N6 
and N1 positions of the adenine moiety of ATP. Binding of the DNA aptamer to ATP 
required the 3’-hydroxyl of the adenosine in ATP, whereas binding by the RNA aptamer 
required the 2’-hydroxyl group. The DNA aptamer appeared to be formed around a 
framework of two G-quartets. This structure has two minor and two major grooves and it 
was proposed that ligand recognition occurs by hydrogen-bonding with conserved A9 
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and A22 bases located in an interior cleft that is formed between two stems stacked above 
the top quartet. Both the RNA and DNA aptamers did not recognize the triphosphate of 
ATP.  
Previously it has been shown that the NTP (nucleoside triphosphate) binding 
aptamers prefer to bind to the nucleobases with lesser interactions with the triphosphate. 
But in nature a ribozyme and two riboswitches from E. coli can discriminate differently 
phosphorylated small molecules. The Szostak group was investigating whether RNA 
aptamers are capable of discriminating ATP from AMP. This led them to select RNA 
aptamers which had strong specific interactions with the triphosphate moiety of ATP and 
did not bind AMP (26). In their selection protocol they used a negative selection step 
against molecules binding to AMP-agarose, followed by a positive selection for ATP 
immobilized on agarose. AMP binding RNAs were removed from the ATP column by 
passing AMP through the column and then competitively eluting the remaining RNA 
with ATP. Binding of ATP by the 57-nucleotide minimal aptamer, which was a truncated 
version of the full-length selected oligonucleotide, was highly dependent on the Mg++ 
concentration. The Kd for ATP was around 4.8-11 µM, which was about ~150-1100 fold 
lower than the Kd for AMP. The difference between the affinities for AMP and ATP 
increased with increasing [Mg++], with higher [Mg++] promoting specific binding of β 
and γ phosphates. Although selected against ATP, this aptamer also bound GTP, UTP 
and CTP. The data suggested that Mg++ bridged the negatively charged RNA aptamer and 
the phosphates of ATP. In 2000 Koizumi and colleagues (27) selected two classes of 
RNA aptamer binding to cAMP (cyclic adenosine monophosphate). Both classes formed 
a stem-loop structure with single stranded structural elements. Class I RNAs were 33-
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nucleotides long and Class II RNAs were 31-nucleotides long. Class II aptamers required 
divalent cations for binding with cAMP with a Kd of ~10 µM. The class II aptamers 
discriminated between cAMP, 5’ and 3’-AMP. This aptamer recognized the base and the 
nucleoside moiety but not the ribose or the cyclic phosphate directly, but the ribose and 
the cyclic phosphate maintain a size and shape that probably fits into a putative pocket in 
the tertiary aptamer structure as a result of which the aptamer can discriminate between 
the cyclic and the non-cyclic forms. 
Structural studies of the ATP aptamer have shown the presence of hydrogen bonding 
of the aptamer-ligand complex that recognize the purine base of the ligand (28). In order 
to explore the ability of RNA to bind to purine moieties of nucleosides, an aptamer 
against xanthine was isolated in 1998 by Kiga et al. (29). Xanthine was linked to agarose 
in the 8th position of the purine base and the RNA aptamer selected on this affinity matrix 
bound guanine and xanthine with similar affinities (Kd ~1.3µM and ~3.3µM 
respectively). This aptamer recognized the N1H, N7 and the 6-carbonyl group of the 
purine base. A distinct feature of this aptamer was that the binding to its ligand did not 
involve position 2 of the purine moiety unlike other RNAs, which can bind to xanthine, 
guanine or guanosine. The aptamer had an internal loop with the consensus sequence. 
Internal-loop region of other aptamers like the ATP aptamer are shown to fold in a 
unique conformation to facilitate ligand binding (28). The ATP aptamer has purine-rich 
internal loop which allows non-canonical base pairing thereby forming an unique folded 
conformation, where in contrast RNase mapping has shown that the Xanthine aptamer 
has a distinct U rich sequence in a defined internal loop, which may facilitate ligand 
binding (29).   
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Aptamers can bind to their target molecule based on specific conformations. Certain 
RNA motifs like hairpin, stem-loops, bulges and G-quadruplex play key roles in specific 
recognition of the target molecule. These motifs can be either preformed or can be 
formed upon ligand binding owing to the flexibility of nucleic acids. Such binding 
characteristics provide an opportunity for sensor design using aptamers. The 
conformational switching of the aptamer/ligand upon binding allows the sensor to 
generate a detectable signal thereby distinguishing the bound and the unbound ligand/ 
aptamer. Moreover nucleic acids provide broader options for labeling or modifications 
and also can hybridize with complementary sequences allowing additional options for 
sensor design. Several biosensors have been developed that are based on the ATP 
aptamer. A strand displacement system was developed where structure switching of the 
ATP aptamer was used to design sensors. In one strategy (30) a fluorophore-labeled DNA 
was hybridized to another DNA molecule that contained the ATP binding aptamer. A 
second DNA labeled with a quencher was hybridized to the ATP binding aptamer and it 
quenched the fluorescence of the fluorophore labeled DNA due to close proximity. Upon 
ATP binding to the aptamer the duplex structure is converted to an aptamer-ligand 
complex thereby releasing the quencher DNA and initiating the subsequent increase in 
fluorescence. This design showed promise for real time detection of ATP. Recently 
another strand displacement system involving the ATP aptamer was designed in which 
introduction of ATP induces the ATP aptamer to form a G-quadruplex thereby triggering 
the strand displacement reaction (31). This design was shown to sense ATP with a 20 nM 
limit of detection (LOD). Another recent strategy, based on a quartz crystal microbalance 
(QCM) assay, utilized the ATP aptamer with gold nanoparticle probes in which target 
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recognition of ATP triggers whole circle amplification (30). This technique detects ATP 
with an LOD of 1.3 nM. Electrochemical ATP aptasensor has been developed that detects 
submicromolar ranges of ATP without any serious interference from analogous 
nucleotides like GTP, UTP and CTP (32). The sensor also detects ATP in deproteinized 
human blood plasma samples. To detect mRNA a sensor known as Targeted reversibly 
attenuated probe or TRAP was designed as an ATP aptamer based biosensor in which 
binding of a target nucleic acid to a sequence element would disrupt the hybridization of 
an attenuator with the aptamer, thereby allowing the aptamer to bind to its target (33).  
RNA aptamers can also be used to control intracellular events by inhibiting the 
binding of a molecule to its receptor. This is the mechanism by which the N-7 methylated 
guanosine (m7-GTP)-binding aptamer (R8-35) inhibits translation of mRNA. The RNA 
aptamer was selected that bound m7-GTP with counter SELEX to remove the RNAs 
binding to only GTP moiety. The m7-GTP binding RNAs were enriched and R8-35 
aptamer showed 1000-fold higher affinity for m7-GTP compared to nonmethylated 
guanosine (34). This RNA aptamer inhibited the translation of capped but not uncapped 
mRNA molecules in cell-free lysates from HeLa or yeast cells. The methylated guanosine 
closely resembles the 5’ terminal cap structure of mRNA. The R8-35 RNA specifically 
inhibited 5’cap dependent translation but not the translation from an internal ribosome 
entry site. It was suggested that the R8-35 RNA prevented the entry of 40S subunits onto 
the mRNA by interfering with the association of eIF4-E (eukaryotic translation initiation 
factor 4E) with the 5’cap. R8-35 RNAs also inhibit in vitro splicing reactions by 
displacing the human nuclear cap-binding protein complex composed of CBP20 and 
CBP80.  
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Aptamers against small organic molecules 	  
Gene expression is an intricate process involving a series of important steps that lead 
to the final protein molecule. A messenger RNA must undergo post- transcriptional 
modifications to be ready to be translated into the protein product. Nature has created 
certain small molecule binding RNA molecules with an aptamer domain and a sensor 
domain called riboswitches. These riboswitches can bind to their specific target 
molecules inside the cells and thereby regulate gene expression at the transcriptional or 
the translational levels. Small organic molecule binding aptamers have been shown to be 
effective inhibitors of transcription and translation. Aptamers can be engineered into the 
5’ or the 3’ end of a target mRNA to inhibit translation upon ligand binding.  
One of the early aptamers selected against small organic molecules was the 
theophylline aptamer which bound to the bronchodilator theophylline with a 0.1µM Kd 
(13).  This aptamer could distinguish theophylline from caffeine, a molecule different 
from theophylline in only a methyl group at nitrogen atom N7. In 1997 the solution 
structure of the aptamer was solved by NMR spectroscopy (35). It showed that multiple 
RNA motifs contributed to forming a well-ordered binding pocket, which locked in the 
theophylline molecule. An S-turn of the backbone, a novel base zipper and 1-3-2 stacking 
motifs formed the complex. A hydrogen bond between the N7 position of theophylline 
and the aptamer is responsible for the high discrimination between theophylline and 
caffeine. The theophylline aptamer has been used to allosterically regulate ribozymes and 
to regulate gene expression (36, 37).  
Apart from controlling gene expression, aptamers against small molecules have also 
been utilized in sensor design. Aptamers could be applied as sensors for many chemicals, 
	  	  
20 	  
including certain controlled substances and chemotherapeutic drugs. Nucleic acid 
structures allow a wide range of engineering options that can be useful for detecting a 
particular small molecule. For example Stojanovic et al. (38) constructed a heterodimeric 
aptamer from the cocaine-binding 39 nt DNA aptamer, which has a Kd of 5 µM in 
presence of 1 mM Mg++. The aptamer was split at a loop in its predicted secondary 
structure to create two 2 subunits. The apparent Kd of the assembled heterodimeric 
aptamer was ~200 µM. The purpose of this design was to develop a fluorescent sensor for 
cocaine. They labeled one subunit with a carboxy-fluorescein fluorophore and the other 
subunit with a dabcyl quencher. Assembly of the subunits in presence of cocaine brought 
the labeled ends close to each other resulting in fluorescence quenching. The sensor 
worked reliably at cocaine concentrations between 10 and 1250 µM. The following year 
the same group reported another sensor in which the aptamer structure was destabilized 
by truncating one stem of the three-way junction of the aptamer that formed the cocaine-
binding pocket (39). The shortened stem, which was constituted of the 5’ and 3’ termini 
of the aptamer, was labeled with a fluorophore and a quencher at alternate ends. In the 
absence of cocaine the stem is predicted to be open and only to come close to each other 
upon cocaine binding, which promotes formation of the three-way junction. This new 
sensor had a detection range from 10-2500 µM. A microcantilever-based approach with 
cocaine aptamer has been also shown to detect cocaine in the concentration range of 25-
500 µM with a lowest detectable concentration of 5 µM (40). Chemotherapeutic drugs 
themselves are very carcinogenic if applied in high doses. So dosage control is an 
important part of chemotherapy to minimize side effects. For this purpose an analytical 
detection technique is necessary which can detect low levels of these drugs in patient 
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samples. Aptamers provide a relatively simple and low detection limit capability to 
quantify these drugs. With this view aptamers against chemotherapeutic drugs have been 
selected in the last decade. In 2007 a DNA aptamer was selected against daunomycin and 
doxorubicin (41).  The aptamer showed a Kd of 20 nM with daunomycin and even a 
stronger affinity with doxorubicin but did not recognize other antibiotics like tetracycline 
and chloramphenicol. Doxorubicin differs from daunomycin in only the C14 additional 
hydroxyl group, which creates additional hydrogen bonding interactions. This aptamer 
could be used to quantify these drugs at concentrations as low as ~14 nM.  
Aptamers against organic dyes 	  
Imaging RNA has been a challenge and at the same time one of the greatest demands 
in the field of modern molecular biology. Several techniques involving RNA-protein 
interactions have developed in the last decade but they are plagued with multiple 
disadvantages. One approach to imaging RNAs is to use small nontoxic molecules that 
bind to an aptamer, which is embedded in the RNA to be imaged. Upon binding the 
aptamer the small molecule should increase in fluorescence. Organic fluorescent dyes 
that could be used for this purpose have been used widely as targets for aptamer 
selection. The first of this class of aptamers were selected by Ellington and Szostak 
against Cibacron Blue 3GA, Reactive Red 120, Reactive Yellow 86, Reactive Brown 10, 
Reactive Green 19 and Reactive Blue 4 (4, 10). Aptamers were later selected against 
sulforhodamine B and fluorescein (42). The sulforhodamine binding RNA aptamer SRB-
2 had an unusually large ~60 nt motif which consisted of a three way helical junction 
with two conserved unpaired regions. The two unpaired regions interact with the ligand, 
suggesting that those two loops combine as separate halves to form the binding pocket. 
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Another aptamer enriched during this SELEX process was called SRB-1, which was 
further doped for the selection of fluorescein specific aptamers. The fluorescein aptamer 
FB-1 showed high affinity for fluorescein and minimal cross binding to sulforhodamine. 
A DNA aptamer was selected against sulforhodamine B with high affinity that catalyzed 
oxidation of the colorless dihydrotetramethylrosamine to the fluorescent 
tetramethylrosamine (43). It was suggested that the aptamer could bind to the substrate by 
way of a simple three-tiered G quartet stacked on a duplex structure and stabilize the 
reaction transition state to favor formation of the product. 
Many of the aptamers selected to bind fluorescent molecules were also demonstrated 
to function inside cells by their abilities to regulate gene expression. The RNA aptamer 
selected against Hoechst dye 33258 was used to control gene expression in Chinese 
Hamster Ovary (CHO) cells. The cell-permeant dye Hoechst 33342, that was closely 
related to Hoechst 33258 in structure, inhibited gene expression in a dose-dependent 
fashion (44). An RNA aptamer was selected against malachite green with a Kd ≤ 1µM for 
use in chromophore-assisted laser inactivation (CALI) cleavage of the RNA in which it is 
embedded (45). A bulge in the RNA duplex binds malachite green with high affinity and 
specificity. Laser irradiation would induce free radical formation by malachite green. 
This aptamer was intended be placed at the 5’ or 3’UTR of any transcript so that it could 
be degraded due to proximity of the malachite green bound to the aptamer. The same 
group inserted a malachite green binding motif immediately upstream of the CLB2 start 
codon in yeast and regulated the translation of the modified cyclin transcript by 
tetramethylrosamine, a fluorescent analogue of malachite green (46). 
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Free malachite green has a very low quantum yield due to its easy vibrational de-
excitation. The malachite green aptamer selectively enhances the quantum yield of 
malachite green upon binding the malachite (47). The fluorescence of malachite green 
increases ~2360 fold when it binds the aptamer, which was proposed to result from the 
restricted vibrations of the bound malachite green that is stabilized in a planar 
conformation. In 2011, Paige et al. (48) selected RNA aptamers that bind GFP-like 
fluorophores, which gain fluorescence upon aptamer binding, as does malachite green. 
The Spinach aptamer, which selectively binds DFHBI (3,5-difluoro-4-
hydroxybenzylidene imidazolinone), a derivative of GFP’s fluorophore, was used to tag 
RNAs expressed in living mammalian cells and to monitor live cell 5S rRNA dynamics. 
Later this group modified the Spinach aptamer to generate Spinach2 aptamer, which had 
higher thermostability and yielded much brighter fluorescence in vivo compared to the 
original Spinach (49).  
Aptamers against antibiotics 	  
In 1987 Moazed and Noller published a report in Nature showing that different 
classes of antibiotics interact with highly conserved nucleotides of the 16S rRNA in 
ribosomes (50). They used chemical probing to study the interactions of several small 
ribosomal subunit-binding antibiotics to the 16S rRNA and, in every case, they found 
specific set of bases to be protected from chemical attack when the 16S rRNA was bound 
to the drug. Later, several other reports suggested that antibiotics were inhibitors of intron 
splicing (51). These developments showing the interactions of antibiotics to RNA led to 
the selection of aptamers that recognize antibiotics. Although several antibiotics, in 
addition to aminoglycosides have been used as aptamer targets, this section will focus on 
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the selection, characteristics and applications of aptamers against aminoglycoside 
antibiotics. Aminoglycoside antibiotics have been effective in targeting ribosomal and 
retroviral RNAs. But prokaryotes have developed resistance against these antibiotics, so 
modification of these antibiotics has become relevant. The RNA recognition properties of 
these antibiotics thus need to be studied in the molecular level to have an in-depth 
understanding of aminoglycoside-RNA interaction. This led to the selection and 
structural studies of aptamers against aminoglycosides.  
One of the earliest aminoglycoside antibiotics to be used as an aptamer target was 
tobramycin (52). To obtain the aptamer, Wang and Rando incubated a random pool of 
RNA with a tobramycin affinity column and eluted 82% of the RNA with tobramycin. 
Incubation of the column with D-glucosamine did not elute any RNA, which suggested a 
specific interaction of the tobramycin to the RNA. Both low and high selection 
stringencies were used to generate the aptamer. The aptamer selected at low stringency 
bound to tobramycin with a Kd of 3 µM. This aptamer also bound well to other closely 
related antibiotics like gentamycin and neomycin. The oligonucleotide pool resulting 
from the low stringency selection was then subjected to further selection under high 
stringency conditions (~260:1, tobramycin: RNA) designed to select aptamers with 
higher affinity. Two RNA aptamers with nanomolar range Kd s for tobramycin were 
finally selected that bound tobramycin at a stoichiometry of 2 molecules of tobramycin 
per RNA molecule. One binding site had high affinity and the other had low affinity for 
tobramycin. A low resolution solution structure showed that the aptamer I bound to 
tobramycin with a of Kd of 9 ± 3 nM whereas the aptamer II showed an affinity for 
tobramycin with a Kd of 12 ± 5 nM (53). High resolution NMR solution structures 
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presented the details of tobramycin interaction with each aptamer (54). Both aptamers 
contain a common U10-A17 loop segment with only mismatch at position 15, which is C 
in aptamer I and G in aptamer II. This shared loop adopts very similar conformations in 
both the RNA-ligand complexes. The binding pocket for tobramycin is situated in a deep 
groove of the RNA that is widened due to G9:A18 mismatch pairing. The unique binding 
pocket along with intermolecular H-bonds between the ligand and base pair edges of the 
RNA contribute to the specificity of tobramycin. Moreover the G15 base flap partially 
encapsulates the ligand contributing to the nanomolar affinity of this aptamer for 
tobramycin. 
An aptamer was selected to recognize neomycin with a Kd of ~100 nM and with high 
specificity (>100 fold higher than paromomycin) (55). Neomycin, immobilized on an 
agarose affinity column, was used as a target for aptamer selection. The stringency was 
increased during the selection process by increasing the number of buffer washes and 
55% of the RNA was eluted with buffer containing 2.5mM neomycin in the final 
selection round. Of the many sequences identified in the oligonucleotides of this eluted 
pool ~50% of them shared a 13 nucleotide consensus sequence, which formed a hairpin 
stem-loop structure with a conserved three base pairs of G:U and an internal bulge. 
Chemical probing and analysis by partial alkaline hydrolysis identified the stem-loop 
motif as the binding site of neomycin-B. It was suggested that the G:U base pair and the 
internal asymmetric bulge lead to a widened major groove which is required for 
neomycin binding. The solution structure of the complex of neomycin-B bound to its 
aptamer with a Kd of 100 nM shows that the ligand targets G:U mismatches of the G9-
G10-G11 and U19-U20-U21 of the RNA and a looped out A16 base acting like a flap 
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over the ligand (56). The binding pocket lies between G9:U21 mismatch and G18:C12 
base pair. The Ist and IInd rings of neomycin are packed in between the floor of the major 
groove and the A16 flap base whereas the ring IV is exposed towards the solvent. The 
ligand establishes several polar contacts with binding pocket major groove and it remains 
fully protonated up to pH 9.0 when bound to RNA whereas the free aminoglycoside has 
pKa values ranging between 5.4 and 8.8 (57). The interaction of neomycin-B involves at 
least three ionic contacts with the RNA aptamer and depends inversely on Na+ 
concentration (58). The specificity of the neomycin B aptamer is buffer-dependent. Thus, 
it is highly specific for neomycin-B when in a non-physiological buffer containing 
cacodylate (55). But, it is not specific for neomycin-B in buffers constructed to resemble 
the mammalian intracellular conditions (59). This aptamer has a flexible pentaloop, 
which interacts differently with ligands depending on the salt content and buffers in its 
environment. By contrast, the binding pocket appears to be preformed, being similar in 
the presence or absence of aminoglycoside.  The binding pocket provides a ‘lock and 
key’ interaction with the ligand whereas the pentaloop allows for ‘induced fit’ binding.  
Another aminocyclitol glycoside antibiotic, streptomycin was used as target for 
aptamer selection (60). The starting pool contained 1015 DNA molecules with a 74-nt 
long random sequence regions that was transcribed and RNA was incubated with 
dihydrostreptomycin coupled to sepharose and eluted with streptomycin. After four 
rounds of selection, the enriched oligonucleotide pool was split; one half was subjected to 
“normal” selection and the other half was subjected to a “counter” selection with an 
analogue molecule called bluensomycin that was used to wash the column bound RNAs. 
Streptomycin was then used to elute the streptomycin-binding RNAs followed by three 
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cycles before final enrichment was achieved. Bluensomycin contains a carbamido group 
in the para position to the glycosidic bond of streptose instead of the guanidino group of 
streptomycin. In order to select aptamers that bind to streptomycin with high specificity a 
counter selection with bluensomycin was applied. The RNAs obtained from the “normal” 
selection process were again split. One half was subjected to another selection round 
while the other half was subjected to a “high stringency” selection process that included a 
“superwash” with 30 column volumes of equilibration buffer and then eluted with 
streptomycin. Finally 99 clones (33 from each normal, counter and high stringency 
selection process) were analyzed and two motifs were found repeatedly. Motif 1 appeared 
in the counter selected pool, whereas motif 2 was found in the superwashed and “normal 
selections” and was absent in counter-selected pool. Streptomycin bound with a highest 
affinity to the aptamers containing motif 1, whereas the aptamers with motif 2 bound 
both streptomycin and bluensomycin. Motif 1 was 22nt long and was found once in the 
clones from the counter selection and superwash selection processes and had no sequence 
variation. The motif 2 was 26nt long and was found multiple times from the superwash 
selection process with some variation in the motif sequence. Two bases in motif 2 were 
found to be varied from A to G and C to A. Chemical probing studies using DMS 
(Dimethyl sulfate) showed that motif 1 RNA binds to streptomycin in C7, A8 and C18, 
C33, A35 and C36 which are located in two unpaired regions while for motif 2 A14, 
A15, A16, C17 and A31 comprises of the binding pocket that forms only one unpaired 
region. Probably the number of contacts spanning two unpaired regions in the motif 1 
with streptomycin might partially allow it to discriminate between it and bluensomycin. 
The binding of streptomycin to both types of aptamer depended on Mg++ and binding was 
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better in 10 mM Mg++ than at 5 mM Mg++, which was present in the original selection 
condition. Chemical probing was used to locate the binding sites of the RNAs, which lead 
to the conclusion that minimal sizes of 46 and a 41 nt RNA for motifs 1 and 2 
respectively were required for binding. Cleavage studies using Pb2+ showed that the motif 
1 undergoes conformational changes involving the entire motif upon binding 
streptomycin in presence of Mg++, whereas no change spanning the entire motif was 
observed upon addition of streptomycin to motif 2 in the presence of 10 mM Mg++.  
Both ribosomal RNA and group I intron bind aminoglycoside antibiotics. To 
investigate the diversity of aminoglycoside-binding sites that can be formed by RNA 
molecules, aptamers were selected against the aminoglycoside antibiotics lividomycin 
and kanamycin A (61).  Both drugs bind ribosomal RNA and group I ribozymes but only 
lividomycin affects self-splicing by the ribozymes. The kanamycin A aptamer could 
distinguish between kanamycin A and kanamycin B, which differ only by a 2’ amino 
group. A kanamycin B aptamer was then selected with a Kd of 180 nM from a DNA pool 
after incubating with kanamycin B immobilized to Sepharose beads (62). This aptamer 
was not specific for kanamycin B and bound tobramycin more tightly with a Kd of 12 nM 
and neomycin and paromomycin with affinities of 1100 nM and 1500 nM respectively. 
The binding site of this kanamycin B RNA aptamer is composed of a short stem, bulge 
and loop and the aptamer stem has two G:U base pairs as in the neomycin aptamer. 
Similarly, in the neomycin aptamer, the G:U base pairs forms a preformed binding pocket 
which along with the pentaloop accommodate different ligands based on the ionic 
environments (59). This kanamycin B aptamer also might have structural characteristics 
similar to that of the neomycin aptamer allowing it to bind to a wide range of ligands.  
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Selections of aminoglycoside aptamers and subsequent studies of the structural bases 
of aptamer-aminoglycoside interactions and the effects of ionic environment on these 
interactions has lead us to better understand the molecular interactions taking place in 
vivo between aminoglycosides and their natural targets. This knowledge can be further 
used to design better antibiotics or apply aptamers as drug binding agents inside cells.   
Aminoglycoside aptamers have been used in synthetic biology applications. The 
neomycin aptamer pool that was enriched for binding neomycin B (55) was used for 
selecting engineered neomycin riboswitches (63). Sequences from this pool were inserted 
in front of a gfp reporter in a yeast vector and clones were selected in which the aptamer 
inhibited translation of the reporter in cells that were incubated with neomycin. This 
screening process generated 30 candidates for neomycin dependent inhibition of GFP 
translation. Sequence analysis identified a 16 nt sequence element that was completely 
conserved in two candidates and partially present in eight others. Truncation of the 
original oligonucleotide identified a minimal sequence with stem-loop structures and an 
internal asymmetrical loop with the potential of target binding. Mutants of this sequence 
were tested for their effects on the decrease in GFP fluorescence brought about by adding 
100 µM neomycin. Thus, this report showed that artificial riboswitches could be created 
by combining in vitro selection with in vivo screening. It also showed that aptamers could 
be identified that bound their small molecule targets in an intracellular environment.  
The molecular mechanism of such an engineered riboswitch was investigated by 
comparing active and inactive aptamers (64). Four neomycin binding aptamers were 
studied, which shared similarities in size and secondary structure but only two of them 
controlled gene expression. Aptamers that showed regulatory potential were found to be 
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more thermally stabilized upon ligand binding than the inactive aptamers. NMR studies 
showed that a sequence element of the 5’ GUC motif was critical in maintaining an open 
conformation of the RNA. Ligand binding caused conformational changes extending the 
upper helix by three additional base pairs stacking over the closed stem and forming a 10-
bp helix. UV melting analyses showed high thermal stabilization of the active aptamers. 
The inactive aptamers had a preformed structure in absence of ligand with a lower 
thermal stability than the active aptamers. In another synthetic biology application, the 
neomycin aptamer was used to regulate the binding of a second aptamer to its target 
protein. An RNA aptamer recognizing a DNA repair enzyme that was inhibited upon 
aptamer binding also had overlapping binding sites for the enzyme and neomycin. Such a 
control mechanism was achieved during the SELEX process in a protocol that allowed 
the RNA molecules to first bind to the DNA repair enzyme, formamidopyrimidine 
glycosylase (Fpg), followed by the addition of neomycin in each SELEX round to 
destabilize the protein-bound RNAs.  Therefore, the presence of neomycin could disrupt 
the aptamer-enzyme complex, thereby rescuing enzyme activity (65). This molecular 
design provides a means of temporal control of protein activity by small molecules.  
Biosensors have also been developed using the neomycin B aptamer. For example, 
neomycin B was immobilized on a self-assembled monolayer (SAM) of 
mercaptopropionic acid (MPA) on gold electrode and the aptamer was bound to the 
neomycin B on the surface. Additional unbound neomycin would displace the aptamer 
and cause in impedance change recorded by faradaic impedance spectroscopy (66). The 
same group developed another detection method of neomycin B with high sensitivity 
using SPR with neomycin-B attached on gold coated glass sensor (67). A drug delivery 
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nano carrier was designed with gold nanoparticles and a neomycin B-binding DNA 
aptamer. In this system the DNA aptamer was connected to the nanoparticle via a ssDNA 
anchor. The aptamer was bound to neomycin and temperature mediated disruption of the 
drug: aptamer complex was shown to cause release of neomycin (68). The drug release 
was triggered for a period of 24 hr. at 3 ±	 1, 23 ±	 1 and 40 ±	 1 °C and a gradual 
increase of neomycin release was observed from 30-87% with increasing temperature. 
These temperatures are suitable to be used locally at disease sites in the body without 
excessive cellular damage thereby making the carrier a potential agent for in vivo 
delivery of neomycin. 
 
Application of Aptamers in Imaging RNA & Transcriptional Dynamics 
 
Control of gene expression is one of the central mechanisms that determine various 
cellular functions. Understanding the details of the gene expression regulatory 
mechanism is hence necessary in order to have an in-depth view of cellular function. It is 
also important for developing therapeutic strategies in diseased conditions. Both 
transcriptional and translational pathways lead to the final product, but here I focus on 
transcriptional events. During the past decades, several techniques have been discovered 
to detect and quantify RNA levels in a cell population as a representative of the 
transcriptional dynamics. But invasive techniques and population analyses have always 
depicted a partial picture of the events that occur in individual cells where every cell in a 
heterogeneous population might have a distinct gene expression profile. Moreover 
invasive techniques have limited us in asking specific questions about gene expression in 
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a spatio-temporal context (69) in individual cells. Therefore there emerged a necessity to 
image RNA and other RNA based processes in live cells or in real time. Several imaging 
techniques have been developed in recent years, but of them, RNA based strategies that 
utilize an RNA-ligand interaction have been the most successful. Aptamers are such 
RNA molecules, which are short and single stranded and have the ability to bind to a 
ligand with high affinity and specificity. In this section we will review the strategies and 
techniques of molecular imaging with aptamers  
Probe design with aptamers 
There are certain physical properties that should be present in an agent to be 
successfully used as a probe. High specificity, high affinity and high signal/noise ratio are 
the basic requirements of a probe (70). Aptamers not only satisfy these requirements but 
also have low immunogenicity, low toxicity and high stability in vivo. A probe has a 
sensing domain and a signaling domain (5). The aptamer serves as a sensing domain that 
recognizes the target molecule and this recognition event is transduced to a signaling 
domain, which results in signal output from a reporter that is recorded by an imaging 
modality. The probes can be broadly classified into two categories as follows: 
a) Probes where the aptamer domain is labeled with a reporter molecule 
The aptamer can be conjugated with a fluorophore reporter at the 5’ or 3’ ends and 
incubated with cells to bind to its target. The unbound reporter attached to the cell surface 
is washed away and the reporter is enriched on the target molecule by virtue of the 
aptamer. The strategy appears simple but has the disadvantage of high background noise. 
To circumvent the problem of background several other strategies have evolved using 
FRET (Förster resonance energy transfer) or fluorescence upon quenching/ dequenching. 
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The donor and acceptor fluorophores are attached at the 5’ and 3’ ends of the aptamer 
respectively. Binding of a target causes structural changes of the aptamer bringing the 
donor and the acceptor close enough to each other to enable their interaction in FRET. 
The donor output is quenched and, depending on the acceptor, the absorbed energy will 
be emitted at its unique wavelength or dissipated as heat. The fluorophore may also be 
attached to another oligonucleotide and hybridized to the quencher tagged aptamer 
thereby quenching the fluorescence. Target binding to the aptamer causes the removal of 
the fluorophore and generates signal. The above-mentioned strategies have been designed 
to increase signal/noise ratio to detect the target molecule. These approaches have been 
utilized to detect different types of targets like small molecules or proteins and also to 
indirectly detect RNA. 
b) Probes where the ligand is labeled with a reporter or is the reporter itself 
The ligand can be labeled with a reporter or itself be the reporter molecule that binds 
to an aptamer that is already bound or linked to the target. Binding to the aptamer might 
cause redistribution of the labeled ligand in a cell thereby generating signal from a 
localized region. This probe can be linked to its targets by coexpressing both from the 
same promoter or hybridizing each other. Such probes have been used for RNA detection 
where single or multiple copies of an aptamer can be embedded in an RNA that is 
encoded in the context of a gene and synthesized upon activation of the gene by the 
appropriate signal. Alternatively the ligand can be originally non-fluorescent but lights up 
upon binding the aptamer only when the aptamer binds the target. Metabolites can be 
imaged within cells with such an approach where the metabolite binding to the aptamer 
causes structural rearrangement of the ligand-binding domain allowing the ligand to bind. 
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These ligands are also used for RNA imaging where the aptamer is embedded in the 
target RNA. Fluorophore labeled ligands result in high background fluorescence. To 
decrease the background from unbound fluorophores split fluorescent proteins, which 
themselves are not fluorescent, can recreate the fluorescent holo-protein upon binding to 
adjacent aptamers. Apart from embedding the aptamer in the RNA sequence, some 
strategies have been developed in which the aptamers hybridize with the target RNA. 
Hybridization causes structural changes of the aptamer allowing it to bind to a fluorescent 
ligand. Split aptamers have also been used that come close together upon hybridizing to 
the target RNA, thereby creating a binding pocket for a nonfluorescent ligand rendering it 
fluorescent upon binding. 
Imaging RNA and gene expression 
Invasive studies involving regulation of gene expression have focused primarily on 
quantifying RNA levels in cell populations. The advent of fluorescent proteins facilitated 
visualizing the status of gene expression in individual cells. But, this method of 
measuring protein levels is an indirect way of tracking gene expression and points to the 
need for imaging RNA, which is the initial product of gene expression. The cellular 
content of an mRNA at any time point is the result of the rates of its synthesis and 
degradation. FISH (Fluorescent in situ hybridization) is an effective way of imaging 
intracellular RNA levels and their intracellular distributions. However this method 
requires fixed cells, thereby giving a static picture of the cellular mRNA content (71). 
Fluorescent proteins and in situ hybridization served as historic reporters of an event that 
is very dynamic. So, there is room for live cell imaging techniques that give real-time 
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pictures of cellular RNA. Several cellular events like transcription, splicing, RNA export, 
localization and degradation can be visualized using the following techniques. 
Imaging with hybridization probes 
Molecular beacons 
The first probes developed to detect mRNA in living cells were molecular beacons 
that consist of an oligonucleotide complementary to the endogenous mRNA with a 
fluorophore and quencher at opposite ends. Molecular beacons assume a stem-loop 
hairpin configuration in the absence of the target RNA (71–73). Hybridization with the 
target mRNA opens the hairpin, thereby separating the quencher from the fluorophore, 
which emits signal. Molecular beacons have found application in monitoring RNA 
expression, cancer cell detection and RNA localization in living cells and have been used 
to visualize the distribution of oskar mRNA in fruit fly oocytes (74), β-actin mRNA in 
motile fibroblast, bovine respiratory syncytial virus RNA in Vero cells, polio virus RNA 
in Vero cells, individual mRNA molecules of Chinese hamster ovary cells (71). 
Molecular beacon probes can provide very high specificity for their targets. But, as this 
interaction is temperature specific, the stem-loop structure must be carefully engineered 
to be suitable for high specificity at physiological temperatures. Multiple imaging has 
also been done with molecular beacons where a single mRNA was targeted with many 
molecular beacon probes against different regions of the mRNA. Molecular beacons 
designed against the genome of bovine respiratory syncytial virus was used to show to 
signal the spreading of the infection (75). Apart from imaging RNA localization, 
molecular beacons have also been utilized for imaging gene expression in a single cell 
level. Medley et al. simultaneously monitored the expression of two genes (β-actin and 
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the MnSOD) in single breast carcinoma cells using two molecular beacons attached to 
different fluorophore and a control molecular beacon that were microinjected along with 
a reference dye (76). LPS induction increased expression of the MnSOD gene that was 
monitored by the molecular beacons. This method was also used to simultaneously 
monitor MnSOD gene expression and intracellular Ca++ in living breast carcinoma cells 
(77).  
Although molecular beacons have advantages in imaging mRNA, there are several 
challenges for this hybridization-based method. A major challenge lies with delivery of 
the probe into the cells. Common techniques like microinjection, using cationic lipids like 
Oligofectamine or membrane-permeabilizing agents like Streptolysin O are limited by the 
fraction of cells that pick up the probes and the collateral damage to cell integrity. These 
techniques require varying time and temperature for incubation after permeabilization 
that limit the real time analysis of the desired RNA (72). Another major challenge lies in 
the degradation of the probe once it enters the cell, which limits the time period of 
measurement. To minimize this problem, Ilieva and Dufva used molecular beacons with a 
2'-O-methyl RNA backbone OCT4 mRNA, to demonstrate that OCT4 and not SOX2 
increased in LUHMES cells when they formed neurospheres (78). However, this 
modification was reported to introduce nonspecific background fluorescence in the 
nucleus of living cells when employed with linear probes (79). Uneven distribution 
within the cells also limits the usage of hybridization probes. Free probes enter the 
nucleus but remain trapped by the nucleic acid binding proteins, decreasing the number 
of free probe molecules available for binding to the cytoplasmic RNA (80). 
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Another hurdle in live cell mRNA imaging by hybridization is the accessibility of 
certain regions in the mRNA complementary to the molecular beacon, as the mRNA 
mostly remains bound to protein. Besides the accessibility of target hybridization sites, 
fluorophores can be quenched either due to binding nontarget sites or to congregation in a 
small space to concentrations sufficiently high for self-quenching. These problems may 
limit the ability to quantitatively detect mRNAs using molecular beacons (81). 
Imaging with aptamer probes 
Fusion fluorescent protein based system 
In 1998 Bertrand et al. introduced a method to visualize mRNA dynamics in live 
cells using an MS2-GFP fusion protein (1). In this system the sequence of a series of 
aptamers that recognize the MS2 coat protein is embedded in the untranslated region of 
the target RNA in an expression construct. The cells are co-transfected with this construct 
and an expression construct for the MS2 protein fused to GFP. When the target RNA is 
expressed in the cell it can be visualized by the bound MS2-GFP protein. To create this 
technology, the Singer group brought together two previously constructed plasmids, one 
to express the MS2-GFP fusion protein (82) and the other to express six MS2- binding 
sites each with 19-nt RNA stem loop (83). Applying this technique has enabled several 
insights into the process of mRNA trafficking. Singer and his colleagues showed that 
mRNA transport is mediated by a macromolecular complex (a particle) that interacts with 
other proteins responsible for localization. In yeast, myosin was demonstrated directly 
associated with the particle and particle formation depended on specific sequences in the 
ASH1 3’UTR. It appeared that the localization involved transport (to the bud) and 
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anchoring (attached to the cortex). This method has also been used to visualize other 
mRNAs like nanos, oskar, gurken and bicoid in Drosophila oocytes (84–87) and to track 
single mRNA molecules in human U2OS cells (88). Single mRNA imaging was 
compared using GFP fused to PP7 or MS2 with cassettes containing 24 PP7 or MS2 
aptamers integrated into the 3’ UTR of the genomic MDN1 gene in yeast (89). Each 
strain was transformed with the appropriate coat protein fused to a fluorescent protein 
and haploids were generated to create a strain harboring both aptamer cassettes. With 
each allele of the MDN1 gene labeled with a different fluorescent protein the transcribed 
mRNA was counted in single cells every 20 mins. A similar approach was taken with the 
mouse endogenous β-actin gene where the 24xMS2 aptamer cassette was embedded in 
the 3’UTR of Actb alleles. Transcriptional bursts were observed upon serum stimulation 
and single mRNA molecules were identified by FISH upon probe hybridization to the 
MS2 repeats (90). 
The PP7 bacteriophage coat protein fused to MS2 has also been used in combination 
with a 24xPP7 aptamer cassette to monitor in real-time the initiation and elongation of 
yeast GLT1 mRNA from the POL1 promoter (91). Replacement of the GLT1 promoter 
with the POL1 promoter resulted in the 24 unit cassette being transcribed similarly to the 
POL1 gene rather than the GLT1 gene. The authors interpreted the results from this study 
to show that transcription was limited by recruitment of a transcription factor, which was 
more efficiently performed by the POL1 promoter. The data also revealed the dynamics 
of Mbp1p transcription factor binding to the POL1 promoter (91). 
Aptamer-fluorescent protein imaging systems have been used to study several 
molecular processes like transcription, mRNA dynamics, RNA processing at the single 
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molecule and single cell levels. For example, to measure mRNA transcription kinetics, 
200 copies of a gene cassette each containing the 24xMS2 aptamer cassette was inserted 
in a single locus of the human U2OS cells. RNA polymerase II was imaged with YFP-Pol 
II and transcription of the gene array was measured by the MS2-GFP signal. The study 
gave in depth information about the initiation steps of transcription. It was seen that 13% 
of Pol II finally proceeded to transcription initiation, out of which only 8.6% engaged in 
elongation with a net 1% of Pol II engaging in successful transcription. The mean 
residence times of Pol II for promoter binding, initiation and elongation were calculated 
to be 6, 54 and ~500 sec respectively for the 3.3 Kb gene (92).  
Transcriptional dynamics have also been studied with the 24xMS2 aptamer cassette 
embedded in the dscA gene of Dictyostelium. This study showed a discontinuous pulsing 
mode of transcription that was irregular in length and spacing. It also showed that there 
was a memory and synchrony of transcription in adjacent cells suggesting the effect of 
subcellular location on gene expression (93). A later study involved five housekeeping 
genes and five developmental genes also observed pulsing behavior of transcription (94). 
In this study, individual genes were shown to have characteristic pulsing behaviors with a 
distinction between the developmentally induced and housekeeping genes. Although 
different from each other, the transcription firing pulses of the developmental genes fell 
within a standard range and was predominantly binary. On the other hand, the 
housekeeping genes had a shorter and weaker pulse while the cells started to differentiate 
and had a strong intracellular modulation of transcription. Pulse durations for 
developmental genes were similar between 0h when few cells were involved and 5h 
when the genes were strongly expressed and only the number of pulsing cells increased. 
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But in case of housekeeping genes pulse duration was two to three fold shorter between 
0h and 5h. Similar results were also observed for other pulse parameters including pulse 
frequency and pulse intensity. This implies that housekeeping genes have much stronger 
modulation of transcription compared to the developmental genes. 
To study the dynamic changes in chromatin structure and it’s connection with 
transcription Janicki et al. developed a cell system with 200-copy gene array each tagged 
with the 24xMS2 aptamer cassette under an inducible tet system integrated into a 
euchromatic region of chromosome 1 in human U2OS cells (95). The investigators 
imaged a CFP-lac repressor and MS2-YFP tagged mRNA to locate the gene array and 
transcribed mRNA and HP1α and histones tagged with YFP to determine the status of the 
surrounding chromatin. With this system, mRNA dynamics at a specific transcription site 
was examined in relation the dynamics of histone associations with the locus (95).  
Apart from the MS2 system there have been other protein-based approaches to image 
RNA and gene expression. In 2007 Valencia et al. reported a new technology using the 
interaction between split RNA binding protein eIF4A to its aptamer. Each fragment of the 
eIF4A (eukaryotic initiation factor 4A) was fused to an N terminal or a C terminal of 
EGFP. The aptamer was tagged to the target transcript and binding of the split proteins 
resulted in reconstruction of the EGFP signal (96). By this method mRNA and 5S rRNA 
were observed in bacterial cells along with spatio-temporal changes of RNA 
concentration (96). This technology was further used to detect transcription kinetics in 
single bacterial cells (97). In this study the aptamer expression was decoupled from the 
split protein expression and early stages of RNA synthesis was observed. It also revealed 
novel spatio-temporal patterns of RNA in bacterial cells. 
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Another RNA binding protein known as PUMILIO1 has two RNA binding domains 
each of which was fused to N and C terminal fragments of a fluorescent protein (98). The 
probe recognized a 16 base sequence of the mitochondrial RNA encoding NADH 
dehydrogenase subunit 6 (ND6). Binding of the probe to the target RNA enabled 
reconstruction of the fluorescent protein. This technique was used for real time imaging 
of the ND6 mtRNA (98).  
With the many successful applications of the fluorescent protein based RNA aptamer 
cassettes there are certain limitations. For example, this system requires the expression of 
a fluorescent fusion protein inside the cell, which greatly increases the background. This 
limitation was overcome by attaching a nuclear localization signal to the fusion protein 
that localizes it to the nucleus to allow visualization of the cytoplasmic RNA. But, 
nuclear targeting of the fusion protein limits visualization of the nuclear RNA and its 
export. Another limitation is that this system requires optimal titration of MS2-GFP 
expression to achieve high signal/noise ratio (99, 100). 
In addition, insertion of the long MS2 aptamer cassette might alter the trafficking 
characters of the mRNA, thereby not accurately depicting the native RNA movements 
(100). Moreover attaching multiple MS2-GFP proteins to the native RNA itself enhances 
the burden on the RNA and may also alter its trafficking and turnover. Real time imaging 
of RNA demands the requirement of a probe with very fast maturation time and turnover 
rates. Most fluorescent proteins have long maturation time and slow decay rate which 
also limit their application for RNA imaging. Finally, the MS2 aptamer cassette is limited 
to use with single cell confocal studies and is not readily applied to examine cell 
populations due to the low signal/noise when distributed over the cell.  
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The split GFP based system relies on the reconstruction of fluorescence upon 
bringing the two halves together by the RNA, but once reconstructed these halves do not 
dissociate even if the RNA disappears (71). This limits opportunities for imaging fast 
dynamic processes, which is determined by synthesis and degradation of RNA. Moreover 
the reconstitution typically requires 0.5-4 hrs., which is enough for changing RNA 
expression levels (72). One of the major disadvantages of the fluorescent protein based 
systems is that most fluorescent proteins require oxygen for maturation (101, 102) which 
limits their usage in anaerobic conditions, especially in hypoxic tumors, biofilms forming 
microbes and biodegradation niches (103). 	  
Fluorophore-binding aptamer based imaging 
Protein based imaging systems have been popular in tracking or imaging RNA but 
they are limited by high background from the unbound proteins as discussed previously. 
To avoid this limitation several fluorophore molecules have been developed and aptamers 
were selected against the favorable candidates. These small molecules are also required 
to be non-toxic, easily permeable and have low non-specific binding to cellular 
components. Several fluorophores have been used that have a low fluorescence in the free 
state but their fluorescence increases upon binding to their specific aptamer. Malachite 
green is one such fluorophore whose intramolecular motions are restricted upon aptamer 
binding, leading to about 2360 times increase in fluorescence (47). The Hoechst 1c (104) 
and dimethyl indole red aptamers (105) have nanomolar affinity of interaction between 
the aptamers and dyes and their fluorescence also increase 50-60 fold upon binding. 
Recently in 2011, Paige et al. discovered a GFP fluorophore analog 3,5-difluoro-4-
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hydroxybenzylidene imidazolinone (DFHBI) that becomes fluorescent when it bind an 
aptamer known as Spinach (48).  
The spinach aptamer has been utilized to image highly abundant RNA like the 5S 
rRNA in bacterial and mammalian cells and has been applied as a sensor to image 
intracellular metabolites (106). The sensor consisted of a target binding aptamer and a 
transducer. Target binding promotes stabilization of the transducer stem enabling the 
Spinach RNA to fold and bind DFHBI, which then fluoresces. The Spinach aptamer was 
also utilized in imaging protein expression in bacteria (107). In this method they 
generated RNA sensors fused to the Spinach aptamer where the sensor was an RNA 
sequence specific to Streptavidin, Thrombin or the MS2 coat protein. The transducer 
domains were optimized for sensor function as a result of which each sensor was 
activated by its specific protein. Each sensor was shown to quantitatively measure protein 
concentration in vitro.  
Instead of directly binding to a non-fluorescent target to render it fluorescent, an 
aptamer can also be selected to bind to a nearby quencher or fluorophore when both are 
attached to the target. The MPP [1-(4-methoxyphenyl)piperazine] aptamer was selected 
to bind to MPP in DCF-MPP where DCF (2’,7’- dichlorofluorescein) is the fluorophore 
and MPP is the quencher. Binding of the aptamer to MPP prevented quenching and 
increased the DCF fluorescence (108). Sunbul et al. took an opposite approach where the 
aptamer bound to the fluorophore and blocked the effect of the adjacent quencher. The 
SRB2 aptamer, a Sulforhodamine B binding aptamer was used to bind to SR-DN 
(Sulforhodamine B-dinitroalinine complex) to prevent quenching by DN, which resulted 
in more than 100 fold increase in fluorescence of sulforhodamine. This fluorophore-
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binding aptamer sensor was shown to monitor in vitro transcription in real time and to 
image SRB2- aptamer tagged RNA in bacterial cells (109).  
Fluorogenic dye/quencher specific aptamers have been developed with the idea of 
imaging RNA and untagged metabolites inside cells under conditions of low background 
fluorescence with the expectation that lower abundance molecules such as mRNA could 
be imaged. But, the challenge still remains in imaging low abundant RNAs in living cells. 
This might require multiple units of the aptamer tag but the relatively large size of 
aptamers might be an impediment to such a design. Cytotoxicity is also another issue that 
limits the use of dyes in a variety of cell types for in vivo RNA imaging. Techniques to 
image gene expression in live cells still need to be further developed to monitor turn on 
and turn-off of promoter activity upon induction and repression of specific promoters 
respectively. 
 
Aptamers as Therapeutics 
 
Aptamers have been heralded to hold great promise as effective agents for diagnosis 
and treatment of several diseases.  They have advantages over antibodies in therapeutic 
applications like ease of scaling up production, flexibility of manipulation of targets and 
selection conditions, chemical stability (based on modifications), non-immunogenicity. 
Aptamers can be raised to all molecular forms and also to multimolecular forms such as 
whole cells and can be used to target intracellular and extracellular agents. Despite their 
promise, only one aptamer is in clinical use today almost 25 years since the method of 
selecting aptamers was published. In this section I will focus on aptamers that bind 
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potential therapeutic target proteins and discuss some reasons why these and other 
aptamers have not yet made it successfully to the clinic. 
Intracellular targets for aptamer selection include proteins like HIV-1 Rev, Tat and 
Reverse transcriptase, Integrin LFA-1, NFκB, Cytohesin-2 etc. (20, 110–112). Antiviral 
aptamers were one of the earliest aptamers with therapeutic potential. RNA aptamers 
were selected against the Rev protein of HIV-1 based on the Rev-binding element (RBE) 
of the Rev Responsive element (RRE) which bound to the Rev protein with an affinity 10 
fold higher than the endogenous RBE (113, 114). The Rev protein binds the retroviral 
mRNA RBE and facilitates transport of the incompletely spliced viral mRNAs, thereby 
regulating protein expression. These aptamers competed with the wild type RBE for 
binding to the Rev protein in vitro. These Rev binding aptamers also promote 
cytoplasmic export of a recombinant CAT mRNA at similar efficiencies to that of RBE 
(115). This work showed that, in spite of having different sequence and secondary 
structure from the wild type RBE, the selected aptamers could functionally replace the 
RBE for interaction with the Rev protein when inserted into the full length RRE. 
Polyvalent Rev decoys were constructed (116) to bind multiple Rev proteins, but later 
reports suggested that the constructs were capable to fold to  form imperfectly double 
stranded helices (117). Later simple concatenation of Rev binding sites resulted in 
polyvalent decoys that bound cytoplasmic and nuclear Rev protein and inhibited viral 
replication with a potential of inhibiting Rev activity in vivo (118).  
HIV-1 Reverse transcriptase (RT) –binding aptamers were selected that folded into 
pseudo-knots and had low nM range Kds, with one of the aptamers inhibiting cDNA 
synthesis by HIV reverse transcriptase (119).  A great challenge for targeting HIV RT is 
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that it develops mutations over time to become resistant to applied anti-RT drugs. To 
target these mutants, aptamers were isolated against drug resistant HIV-1 reverse 
transcriptase (120). However, although the selected aptamers could detect the mutant and 
the wild type RTs in microarray-based sandwich assays, they did not inhibit the wild type 
or mutant RT activities.  Recently a small library of anti-HIV aptamers have been 
selected by using Tetra-End-Linker (TEL) strategy in which the starting pool for 
aptamers included tetra-end-linked G-quadruplexes (121). The oligonucleotides are 
attached at the 3’ ends with phosphoramidite linker which branches out four individual 
strands that in turn form the G-quadruplex. These aptamers had EC50 value of 0.04-0.15 
µM against HIV-1 and also bound the HIV-1 gp120 envelope with Kd of 0.18-0.2 µM. 
These aptamers might be more likely than the previous aptamer concatamers for clinical 
applications. However, the problem of in vivo gene delivery still must be solved in order 
to achieve sufficiently high intracellular levels of the aptamers. 
Several nucleic acid based therapies are being developed to combat HIV. This 
includes ribozymes, antisense oligonucleotides, RNAi, aptamers etc. Although 
promising, this type of therapeutic approach still has not yielded an aptamer that can be 
used to treat patients clinically. Several limitations have retarded the clinical application 
of aptamers. For example, anti-HIV aptamers must be expressed in hematopoietic cells, 
which is generally achieved by retroviral vectors. Gene delivery via retroviral vectors 
poses some major challenges like insertional mutagenesis, oncogene activation, 
immunogenic-deficiencies and CNS diseases (122, 123). Selection and engineering of the 
correct vectors and optimizing gene delivery techniques are not yet sufficiently 
developed to be used clinically. An oligonucleic acid has to surpass multiple hurdles to 
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finally bind an intracellular target and function. For example an siRNA can be delivered 
inside the target cell by gene gun, electroporation or by the help of cationic lipids or 
polymers. But all these techniques are plagued with problems like efficiency of delivery, 
uncontrollable biodistribution and other delivery related toxicities. As for all drugs, 
combinations are more effective than single drugs. An example of a combinatorial 
therapy is that of an siRNA delivered by an aptamer. A chimera of the gp120 aptamer 
linked with a siRNA against HIV-1 tat and rev transcripts served the dual inhibitory 
functions of neutralizing the R5 strains of HIV-1 by the aptamer and targeting the 
transcripts by the siRNA (124). To bypass the problems encountered with gene delivery, 
several non-viral alternatives have been developed. Vectors containing completely human 
genetic elements or synthetic elements minimally affect cell viability and have a much 
lower immunogenicity than viral vectors (125, 126). But, although much safer, these 
vectors have lower delivery efficiency than viral vectors. The recent advent of 
nanomaterial and polymer based gene delivery systems might help aptamers achieve their 
promise as effective antivirals to be used in the clinic.  
Transcription factors are excellent aptamer targets for therapy because they already 
bind nucleic acids. The NFκB transcription factor, which is responsible for inflammation, 
cancer and HIV-1 gene expression was used as a target for selection of an RNA aptamer 
that binds with a Kd of 1 nM (127). The aptamer competitively inhibited duplex DNA 
binding by NFκB (127) and bound the p50 homodimer form of NFκB in yeast (128). 
These results demonstrated a potential for aptamer mediated in vivo inhibition of NFκB. 
Later the Maher group selected anti-NFκB p65 RNA aptamers, which targeted the DNA-
binding domain of NFκB p65 subunit (129). They suggested a potential strategy of 
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linking the p50 and the p65 aptamers to generate a heterodimeric aptamer capable of 
simultaneous binding to both the subunits of NFκB heterodimers.  
Transmembrane proteins have also been targets for aptamer selection. Molecules like 
β2integrin (LFA-1, αLβ2, CD11a/CD18) interact with intercellular adhesion molecules, 
ICAM (Intracellular adhesion molecule)-1, 2 or 3 and mediate adhesion of leucocytes 
during the inflammatory response. Individuals lacking β2 integrin suffer from a 
syndrome known as leucocyte adhesion deficiency.  In 1999 the Famulok group selected 
RNA aptamers against the cytoplasmic domain of the β2 integrin and designed a vaccinia 
virus-based expression system for high cytoplasmic expression of the aptamer that they 
termed as ‘intramers’ (130). The expression of the aptamer reduced adhesion of cells to 
ICAM-1 and had the potential of inhibiting cell adhesion and blocking signaling 
pathways. The same group selected aptamers against the Sec7 domain of cytohesin 1 that 
inhibited its guanine-nucleotide-exchange factor activity and generated cytoplasmic RNA 
intramers that inhibited T-cell adhesion to ICAM-1 (131). Recently it has been reported 
that an RNA aptamer (A9g) inhibits the enzymatic activity of PSMA (Prostate specific 
membrane antigen) and reduces cell migration/invasion of prostate cancer cells in culture 
and metastatic disease in vivo (132). 
Several secreted proteins have served as targets for selection of aptamers that have 
the potential to be used in therapeutics. Besides therapeutic potential, these aptamers can 
serve as sensors for detection and early diagnosis of certain diseases. Growth factors are 
key molecules that stimulate cell proliferation by triggering the G0/S transition in the cell 
cycle. They can determine cell fate during development and maintain tissue homeostasis 
in the adult. Some growth factors, particularly TGFβ (Transforming growth factor β), 
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stimulate proliferation of some cell types and inhibit the proliferation of other cell types. 
These factors are often overexpressed in many types of cancer. Growth factors like 
VEGF (Vascular endothelial growth factor), PDGF (Platelet-derived growth factor), 
bFGF (basic Fibroblast growth factor), KGF (Keratinocyte growth factor), NGF (Nerve 
growth factor), TGFβ1, TGFβ2, and the hormone, Angiopoietin-2, have been used for the 
selection of aptamers with affinities ranging from 3pM- 200 nM (133–138). The first 
FDA-approved aptamer for clinical use to treat age related macular degeneration, known 
as Pegaptanib, targets VEGF (139). VEGF 165 promotes abnormal vascularization and 
vascular permeability in the eyes causing blood leakage and vision loss. Pegaptanib binds 
VEGF and inhibits its binding to its receptor. Several chemical modifications to the 
selected anti-VEGF aptamer resulted in the development of Pegaptanib. A high affinity 
anti-VEGF aptamer was substituted with 2’-OMe purines and terminated by a 3’-3’-
linked deoxythymidine residue with the addition of a 5’linked 40-kDa polyethylene 
glycol moiety (140), which finally generated the aptamer Pegaptanib. With these 
modifications this aptamer is stable in human plasma for more than 18 h. (141). The 
observed half-lives following intravenous or subcutaneous injections into rhesus 
monkeys have been 9.3 h and 12 h respectively (141). Effective inhibition of VEGF-
mediated cellular responses and biological stability were the key propelling factors that 
led Pegaptanib to the clinic. 
Receptors of growth factors have also served as aptamer targets. Epidermal growth 
factor receptor is the receptor molecule for EGF family of growth factors. In 
overexpressed states it causes proliferation, angiogenesis and metastasis of cancer cells. 
An RNA aptamer against the epidermal growth factor receptor variant III (EGFRvIII) 
	  	  
50 	  
glycoprotein was selected, which bound its target with a Kd of 33 nM (142). The aptamer 
is highly specific to EGFRvIII, which is expressed in glioblastoma and not in healthy 
brain tissues. The epidermal growth factor receptor undergoes post-translational 
glycosylation in eukaryotic cells, which hinders aptamer binding to EGFRvIII. Upon 
transfecting the aptamer into mouse NR6M cells, the levels of glycosylated 
transmembrane EGFRvIII was decreased resulting in increased apoptosis. The data 
suggested that some of the transfected aptamer might move from the endosomes to the 
golgi or the endoplasmic reticulum to interfere with glycosylation of the nascent EGFR 
by binding it. If this occurs, it opens up further possibilities of using aptamers for 
inhibiting post –translational modifications of proteins, even those that occur in the golgi-
endoplasmic reticulum system. Another aptamer E07 was selected against human EGFR 
that bound with a Kd of 2.4 nM and also bound EGFRvIII (143). This aptamer is readily 
internalized into EGFR expressing cells upon binding EGFR. Aptamers that bind to 
extracellular agents have very low stability in body fluids because they are susceptible to 
nuclease degradation. RNA has a half-life of seconds and DNA has a greater half life of 
60 minutes in plasma (144). To overcome these problems several chemical modifications 
are being made either in the base, ribose or the phosphate backbone. Modifications like 
2’-Fluoro, 2’-Amino have increased half lives of 81-367 h in serum (145). Modifications 
can be introduced during the SELEX process or post SELEX to increase the stability of 
the RNA aptamers, thereby making them suitable for clinical trials. However recently a 
DNA aptamer was reported which binds EGFR with high affinity and selectivity (146). 
This aptamer binds with a Kd of 56 ± 7.3 nM and also binds living cells that overexpress 
EGFR. This DNA aptamer holds promise for cheap and stable aptamer therapies.  
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Aptamer targets also include different coagulation factors, antibodies, cytokines and 
chemokines. The thrombin aptamer, which inhibits thrombin catalyzed fibrin clot 
formation in vitro, was the first single stranded DNA aptamer isolated that has a 
therapeutic potential (19). This aptamer, HD1, also binds prothrombin and inhibits 
prothrombin activation (147). The HD1 thrombin aptamer went to clinical trials, but was 
found to have a very short half-life and rapid clearance in vivo, which required 
continuous administration of the aptamer. For this reason the clinical trials were 
terminated (148). Non-specific binding has also been a problem impeding aptamers to be 
used in clinical trials. To increase the affinity of the thrombin aptamer for its target, 
another aptamer that binds thrombin in a different location, known as HD22, was joined 
with the HD1 aptamer to form HD1-22, which bound to thrombin with a Kd of 0.65 nM. 
Inhibition of thrombin by HD1-22 can be rapidly antagonized by complementary antidote 
(149). Another aptamer known as Toggle-25 was selected using toggle SELEX against 
human and porcine thrombin and inhibits plasma clot formation and platelet activation 
(150). The aptamer HD22 and Toggle-25 did not qualify for future clinical trials due to 
their minimal effect on fibrinogen cleavage (40, 41). Recently an aptamer RNARND-14T 
was selected, which binds the prothrombin and thrombin pro/exosite I with high affinity 
(148). This aptamer inhibits thrombin generation and exosite I mediated fibrin clot 
formation and also has higher plasma stability than HD1.  With much higher potency 
compared to ARC-183/ HD-1, this new aptamer RNARND-14T also can be reversed by a 
complementary oligonucleotide, thereby making it a potential candidate for future 
clinical trials. This optimized form of the DNA aptamer against thrombin, known as 
NU172 (20, 152) made by ARCA Biopharma, Inc., started Phase II clinical trials in 2011 
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with an ending date of September 2013. But results from this trial are not yet published 
(http://clinicaltrials.gov/ct2/show/study/NCT00808964). 
Aptamers can serve as agents for delivering toxic compounds in specific cells (112, 
153). In one example, the 2’Fluoro-Y containing aptamer A10 that recognizes PSMA 
(Prostate specific membrane antigen), a well-studied tumor marker for prostate cancer, 
and its truncated version A10-3, were shown to bind specifically to PSMA expressing 
prostate cancer cell line (154). PSMA specific aptamers were used for siRNA delivery in 
cells by a mechanism in which the aptamer was fused with the siRNA and served as an 
attachment site to the PSMA expressing cells eventually leading to internalization of the 
siRNA (155–158).    
With aptamers against so many potential intracellular and extracellular therapeutic 
targets, only a few have made it to clinical trials and the FDA has approved only one 
aptamer for clinical use to date. Currently the aptamers under clinical trials include the 
aptamers against PDGF, complement component 5 (C5), VEGF, Factor IXa and A1 
domain of von Willebrand factor (Source: http://clinicaltrials.gov/ct2/home). On the other 
hand over 30 antibodies have been approved by the FDA and numerous are under clinical 
trials. Major problems with aptamers still lie in their delivery and biological stability. 
Several new strategies involving biopolymers and nanomaterials are showing promising 
delivery routes but yet a clinically applicable process had not been optimized. Regarding 
biostability, peptide nucleic acids and locked nucleic acids (LNA) are more stable in 
serum than RNA or DNA aptamers. Incorporation of modified bases in the SELEX 
process can increase the biostability of the aptamers. Moreover computational methods 
can accurately predict nucleic acid secondary structures that are suitable for post-SELEX 
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modifications. With these current developments and optimized delivery systems, 
aptamers have a promising future ahead to develop as mainstream therapeutics. 
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Abstract 	  
We describe an RNA reporter system for live cell imaging of gene expression to 
detect changes in polymerase II activity on individual promoters in individual cells.  The 
reporters use strings of RNA aptamers that constitute IMAGEtags (Intracellular 
MultiAptamer GEnetic tags) that can be expressed from a promoter of choice.  For 
imaging, the cells are incubated with their ligands that are separately conjugated with one 
of the FRET pair, Cy3 and Cy5.  The IMAGEtags were expressed in yeast from the 
GAL1, ADH1 or ACT1 promoters. Transcription from all three promoters was imaged in 
live cells and transcriptional increases from the GAL1 promoter were observed with time 
after adding galactose.  Expression of the IMAGEtags did not affect cell proliferation or 
endogenous gene expression. Advantages of this method are that no foreign proteins are 
produced in the cells that could be toxic or otherwise influence the cellular response as 
they accumulate, the IMAGEtags are short lived and oxygen is not required to generate 
their signals. The IMAGEtag RNA reporter system provides a means of tracking changes 
in transcriptional activity in live cells and in real time. 
 
Introduction 	  
Changes in gene expression are central to most alterations in cellular functions, yet 
our current means of measuring transcriptional changes in live cells are limited.  Mostly 
indirect measurements of reporter protein levels are used to monitor transcriptional 
activity.  The use of fluorescent reporter proteins allows live cell imaging, but all protein 
reporter systems include a significant lag in time between transcriptional initiation and 
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protein appearance (1).  Also, the expressed proteins are long-lived and can be toxic or 
alter behavior of the cells in which they accumulate (2-5). RNA reporters can provide a 
more timely detection of changes in transcription in living cells and leave a smaller 
footprint on cellular functions.  
Two types of transcription reporter systems using RNA elements have, so far, been 
shown to function in living cells.  One utilizes a repeated segment of the bacteriophage 
RNA protein binding domains and protein-GFP fusion proteins (such as MS2-GFP) for 
imaging (6-9). Sensitivity in these systems is limited by the high background 
fluorescence of the fluorescent fusion proteins, and thus they require sophisticated image 
analysis to separate the true signal from background noise.  To solve this problem, 
transcription reporters have been developed that bring together split GFPs linked with 
two different RNA binding proteins (9,10). However, all methods for monitoring 
transcription based on protein reporters require that the host cells constitutively express 
one or more reporter proteins as well as the tagged target RNA, thus limiting their 
potential application to a broad range of cell types.  This is because of the required 
genetic manipulation, which can result in loss of differentiated functions, particularly of 
mammalian cells and because the expressed proteins are long-lived and can be toxic to 
the cells that express them (2-5). The second RNA-based reporter, referred to as Spinach 
(11), creates a signal by promoting the fluorescence of a GFP fluorophore mimic.  We 
find that this RNA reporter is useful for imaging the transcription products of RNA 
polymerase III, but is not sufficiently sensitive to enable detection of the lower 
abundance RNA polymerase II-derived mRNAs. 
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Here we describe an RNA-based reporter, which we call IMAGEtags (Intracellular 
MultiAptamer GEnetic tags), for imaging polymerase II transcriptional activity in live 
cells.  The IMAGEtags (strings of RNA aptamers) recognize exogenously supplied 
fluorescent ligands.  Increased sensitivity compared with Spinach was achieved by 
utilizing a FRET signal for recognition of the aptamer presence.  To demonstrate the 
applicability of this method, we have visualized GAL1, ACT1 and ADH1 promoter 
activities using IMAGEtags in living yeast cells.  This new RNA reporter system enables 
live cell imaging of newly transcribed mRNA in response to changes in promoter 
activity.  
 
Materials and Methods 	  
Solutions and reagents 
Buffer IC (13.5 mM NaCl, 150 mM KCl, 0.22 mM Na2HPO4, 0.44 mM KH2PO4, 
100 µM MgSO4, 120 nM CaCl2, 120 µM MgCl2, 20 mM HEPES, pH 7.3 at 24oC), which 
was formulated to approximate intracellular pH and cation concentrations based on 
literature reports for these values (12-16), was used to determine binding constants of 
various aptamer-ligand interactions. Tris buffered saline (TBS: 50 mM Tris-HCl, 150 
mM NaCl and pH 7.6) was used in yeast cell imaging studies. Chemical syntheses of 
ligands and the properties of the synthetic products are found in the Supplemental 
material (including Supplementary Figures S1- S3). 
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Yeast and plasmids 
Saccharomyces cerevisiae (BY4735, Genotype: 
MATαade2Δ::hisGhis3Δ200leu2delta0 met15Δ0trp1Δ63ura3Δ0) were cultured in YPD 
medium.  The yeast expression plasmid, pYES2, is a yeast 2 micron plasmid carrying a 
URA3 marker and a GAL1 promoter for galactose inducible gene expression in S. 
cerevisiae.  The pYES2 plasmid was modified to express IMAGEtag reporter RNAs 
consisting of a series of tandem aptamers (Supplementary Figure S4) with specificities 
for PDC (17) or tobramycin (Supplementary Figure S5). The IMAGEtag sequences were 
inserted after a transcriptional start site and the GAL1 promoter (sequences in 
Supplementary Table S2). The GAL1 promoter was replaced with the ACT1 or ADH1 
promoters from yeast to generate expression constructs with the 6xPDC IMAGEtags 
downstream from these constitutive promoters. Plasmids with IMAGEtag reporters were 
transformed into BY4735 using the Lazy Bones yeast transformation method and 
selection on SD (synthetic dropout) minus uracil (SD-uracil) plates (18). The IMAGEtags 
are identified by the number of aptamers per string and the identity of the aptamer in the 
IMAGEtag.  For example, the 5XTOB IMAGEtag contains 5 tobramycin aptamers each 
separated by a 4 nucleotide (A4) linker and the 6XPDC IMAGEtag contains 6 PDC 
aptamers separated by a 4 nucleotide (A4) linker. 
FRET image acquisition and analysis 
For FRET analysis by sensitized emission, yeast cells were cultured in SD-uracil 
medium overnight with either 2% glucose or 2% raffinose. The cells were then induced 
with SD-Uracil medium containing 2% galactose and 1% raffinose for the induction 
period and incubated with the Cy3- and Cy5 modified ligands. Cells were either washed 
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once with TBS or washed and resuspended in SD-Uracil with 2% galactose and 1% 
raffinose. A 30 µL volume was placed on a poly L-lysine coated cover glass or a poly D-
lysine coated glass bottom culture dish (MatTek).  The cells were observed using a Nikon 
Eclipse 200 or Leica SP5X laser scanning confocal microscope with a 63X objective and 
immersion oil.  Cells were excited by a 568 nm Argon/Krypton laser (Nikon) or a 550 
(for Cy3); 650 nm (for Cy5) white light laser (WLL, Leica) and images were taken to 
measure sensitized emission using emission filters for FRET of 700-750 nm (TOB 
IMAGEtags; Nikon) or 660-710 (TOB IMAGEtags; Leica) / 660-754 (6xPDC 
IMAGEtags; Leica) nm for the Cy5 acceptor and 560-626 nm for the Cy3 donor. To 
quantify the FRET signals from sensitized emission, the mean fluorescence intensities 
from the cells were determined by summing through the Z stack to provide pixel volumes 
(relative intensities).  The mean fluorescence intensities for the donor and sensitized 
emission of the acceptor were calculated by the Leica LAS AF Lite software as Σ(Pixel 
volumes)/(Pixel count).  FRET was determined by normalizing the sensitized emission to 
the donor emission (FRET = FFRET/Fdonor). Quantification was also done using the 
formula FRET= (B-A·b-c·C)/C where B= FRET emission, A= donor emission, b= donor 
emission cross talk ratio (B in donor only sample/ A in donor only sample), c=acceptor 
excitation crosstalk (B in acceptor only sample/ C in acceptor only sample), ratio, C= 
acceptor emission (19). This latter calculation is most appropriate for application to cell 
studies because variations in intracellular concentrations of the two dye-labeled ligands 
are accounted for separately in the formula.   
For FRET analysis by acceptor photobleaching, cells were grown in SD-uracil 
containing 2% galactose for a 30 min induction period and then incubated together with a 
	  	  
69 	  
mixture of 25 µM each of Cy3- and Cy5-tobramycin or 20 µM each of Cy3- and Cy5-
PDC in SD-uracil containing 2% galactose.  These concentrations and the ratios of donor 
to acceptor were also varied between experiments to achieve equal intracellular levels of 
both. For experiments in which the concentrations were different from those described 
here, the concentrations of ligands are stated in the legend to the figure. The cells were 
washed once with TBS and placed on a poly d-lysine coated glass bottom culture dish.  
Acceptor bleaching was performed with a Leica SP5X laser scanning confocal 
microscope using the FRET acceptor bleaching wizard.  Prebleach and postbleach images 
were taken serially with excitation of 550 nm of WLL with lower laser intensity and 
filters of 560-640 nm (5xTOB IMAGEtags) or 560-626 nm (6xPDC IMAGEtags) for 
collecting Cy3 emission and 660-710 nm (5xTOB IMAGEtags) or 660-754 nm (6xPDC 
IMAGEtags) for Cy5 emission.  The acceptor was bleached with high laser intensity at 
650 nm of WLL.  The fluorescence intensities of the donor prebleach (FD) and 
postbleach (FD’) conditions were measured by using the LAS AF Lite program.  The 
FRET efficiencies were calculated using the formula FRET efficiency = 1 – FD/FD’ (20). 
Quantitative analysis of IMAGEtag transcripts by RT-qPCR 
Steady-state levels of mRNAs were analyzed by quantitative RT-PCR (RT-qPCR).  
Yeast RNA was extracted by phenol chloroform using glass beads (21).  Cells were 
harvested in 0.6 mL of RNA extraction buffer (10 mM EDTA, 50 mM Tris-HCl pH 7.5, 
0.1 M NaCl, 5% sodium dodecyl sulphate) and 0.6 mL of phenol:chloroform:isoamyl 
alcohol (49.5:49.5:1).  After 6 min incubation at room temperature, ~0.2 g of glass beads 
(0.45 mm diameter) was added and the cells were lysed by vigorous agitation for 2 min.  
Following centrifugation, the aqueous phase was collected; the RNA was precipitated by 
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ethanol, dissolved in water, and then treated with RNase-free DNase I (1 U/mL, 
Invitrogen) at 24oC for 15 min to remove traces of genomic DNA.  One µg of RNA was 
transcribed to create cDNA using the SuperScript III reverse transcriptase (Invitrogen) 
and oligo-dT as a primer in a final volume of 20 µL.  After reverse transcription, 2 µL of 
a 1:2 diluted cDNA was used as a template for qPCR with SYBRgreen (Invitrogen) and 
Taq polymerase (New England BioLabs) into a final volume of 15 µL in the Opticon 
(Bio-Rad).  The forward 4659 (AAGCTTAAAAATTTCGAGCATGCATCT) and 
reverse 4657 (CCTAGACTTCAGGTTGTCTAACTCC) primers were located outside 
the IMAGEtag sequences.  The levels of galactokinase mRNA, the endogenous positive 
control for activity of the GAL1 promoter, were determined by PCR amplification with 
the forward primer 4654 (TTTGATATGCTTTGC GCCGTC) and reverse primer 4655 
(AGTCCGACACAGAAGGATCAATT). The IMAGEtag and galactokinase RNA 
expression levels were normalized to the ACT1 mRNA levels, which were determined in 
the same samples using the forward and reverse primers 4609 
(ATTCTGAGGTTGCTGCTTT) and 4610 (GTCCCAGTTGGTGACAATAC), 
respectively.  The PCR thermal cycling conditions were 5 min denaturation at 94oC; 40 
cycles at 94oC for 15 sec, 60oC for 15 sec, and 72oC for 15 sec.   
 
Results 	  
Basic strategy 
Our strategy for measuring promoter activity in real-time and in vivo involves the use 
of strings of repeated RNA aptamers (IMAGEtags) that are inserted either as a synthetic 
coding region after a promoter of choice for plasmid-based expression or into an 
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endogenous gene to form a fusion transcript (Figure 1).  Two forms of fluorescent 
ligands, that constitute a FRET pair, are exogenously provided that enter the cells by 
passive diffusion.  Binding of fluorescent ligands by the transcribed IMAGEtags is 
observed by way of an increased FRET signal that results from the close proximity of 
Cy3- and Cy5-linked aptamer ligands while they are bound to the IMAGEtags.  In these 
studies, Cy3- and Cy5-linked aptamer ligands were used as the FRET pairs 
(Supplementary Figures S1-S3). 
IMAGEtags specifically detected by FRET 
Aptamers that recognize either tobramycin or PDC and derivatives (structures in 
Supplementary Figures S1-S3) were used in the IMAGEtag format in reporter RNAs 
under the control of the GAL1 promoter.  In all instances when the appropriate ligands 
were used to visualize the expressed IMAGEtags, FRET images were obtained during the 
30-80 min period after inducing the promoter with galactose (Figure 2).  The number of 
aptamers in a string is flexible with cells expressing IMAGEtags of 5, 10 and 14 
tobramycin aptamers or 6 PDC aptamers all giving FRET signals higher than the control 
RNA with no aptamers.  Reduced FRET emission, such as observed in figure 2A for the 
14xTOB IMAGEtags, was associated with lower IMAGEtag RNA expression levels 
(Figure 2C). Incorrect binding combinations, such as Cy3-PDC and Cy5-PDC with the 
5xTOB IMAGEtags (Fig 2B,D) gave no additional signal compared with the control 
RNA.  FRET signals, calculated as the ratio of fluorescence intensity of a FRET image to 
that of a donor image were quantified from Z stacks of individual yeast cells. When 
incubated with the PDC ligand set, cells expressing the 6xPDC IMAGEtags showed 
higher FRET signals than those expressing the 5xTOB IMAGEtags or the control RNA 
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(Figure 2D). Steady state RNA levels measured in the same cell populations for the 
6xPDC IMAGEtags, 5xTOB IMAGEtags and control RNA were not correlated with the 
strength of the FRET signals, thus pointing to the RNA-ligand interaction as the 
dominant factor contributing to the FRET image (Figure 2B,D). In all instances RNA 
expression was quantified for the control and IMAGEtag RNAs (Figure 2C, E).  
Cell to cell variability of promoter activity  
To evaluate the cell to cell variability of Pol II promoter activity in living cells we 
used IMAGEtags as reporters from three promoters: GAL1, ACT1 and ADH1. FRET 
signals in individual cells were quantified with time after induction of the GAL1 
promoter and compared with the IMAGEtag RNA levels in the same cell populations 
(Figure 3A-C).  Yeast cells expressing the control RNA containing no IMAGEtags 
(Figure 3A) or 6xPDC IMAGEtags (Figure 3B) were induced for different time periods 
and the FRET signal was measured in individual cells.  There was a large variation in the 
range of individual cellular FRET signals at each time point under these conditions of 
preculture in glucose. However, the average increase in FRET, which represents the 
ensemble of induced cells, was proportional to the increase in IMAGEtag RNA level of 
the population measured by RT-qPCR (Fig. 3A,B). This result indicates that the sampling 
of cells for FRET in these experiments was representative of the population and is 
consistent with the conclusion that the observed FRET is due to newly synthesized 
IMAGEtag RNA. Unlike for the IMAGEtags, the average FRET output of the control 
population did not increase in parallel with the mRNA content of the cell population.  At 
each time point, the average FRET output from cells expressing the 6xPDC IMAGEtags 
was significantly higher than from cells expressing the control RNA (p < 0.001).  The 
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ability of IMAGEtags to detect the activity of two constitutive promoters, ACT1 and 
ADH1, was also tested (Figure 3E). The statistical significance of these results is 
reflected in the low p values that vary from 10-4 to 10-10. The larger variation of FRET 
signal from individual cells when the promoter was GAL1 (Figure 3A-C) was associated 
with an experimental design in which the cells were taken directly from a glucose 
containing medium to one with galactose replacing glucose.  The GAL1 promoter is not 
activated until the intracellular glucose is depleted. The cell to cell variation in time to 
depletion of intracellular glucose may be basis for larger variations in cell response in 
with this experimental design compared with others. In experiments where the cells were 
first cultured in raffinose to allow glucose depletion, the variations in FRET signals were 
much smaller with an average coefficient of variation of 15% from the compiled results 
from 7 conditions of groups of 11-21 cells (Figure S14). 
Although FRET has the advantage of greater sensitivity due to improved 
signal/noise, it must be validated for potential artifacts such as bleed-through of the donor 
signal. Photobleaching the acceptor prevents energy transfer between donor and acceptor 
with a resulting increase in donor fluorescence intensity (fluorescence dequenching) that 
is not observed in the absence of FRET.  Acceptor photobleaching was performed with 
cells expressing 5xTOB or 6xPDC IMAGEtags or the control RNA (Figure 3D).  The 
donor fluorescence intensity was observed to selectively increase in the IMAGEtag 
expressing cells after acceptor photobleaching and the calculated FRET efficiency was 
higher in IMAGEtag expressing cells than control cells.   
 
 
	  	  
74 	  
Real time measurement of promoter activity  
The ability of the IMAGEtags to report changes in gene expression in real time was 
evaluated by tracking the sensitized FRET emission in single cells over a long time 
period.  These experiments were designed to both monitor transcription in real time and 
test the association between IMAGEtag RNA levels, GAL1 promoter activation and the 
FRET response.  To avoid the possibility that the immediacy of cell manipulation might 
influence the observed changes, the cells were moved directly from glucose to raffinose 
containing medium simultaneously with the addition of galactose. With this protocol 
there is a lag in GAL1 activation due to the need for the cells to first deplete their 
intracellular glucose stores. If IMAGEtag expression is driven by GAL1 and if the FRET 
emission is from IMAGEtags, then all measures of transcription from the GAL1 
promoter should show the same period of lag before increasing in response to the added 
galactose.  This result was observed and the time lags between galactose addition and 
FRET, IMAGEtag RNA (exogenous promoter) and galactokinase RNA (endogenous 
promoter) were the same (Figure 4, Supplementary Figures S6-S7).    
 
Discussion 	  
As RNA reporters that enable live cell imaging of polymerase II activity, 
IMAGEtags provide several advantages over currently available RNA reporter systems of 
which the MS2 system and Spinach RNAs are the most prominent.  In the MS2 system, 
target mRNA is recognized by the accumulation of fluorescent fusion proteins over the 
tagged mRNA (6,7) while in the Spinach system an aptamer stabilizes the structure of the 
GFP fluorophore to enable a fluorescent output (11). The MS2 system has been 
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successfully used to localize mRNAs in yeast and mammalian cells for real time 
observation of gene expression and to follow an mRNA as it traffics through the cell 
(6,7). However, this system involves redistribution of signal within the cell with no 
change in signal per cell upon increased gene expression. The MS2 system also requires 
stable expression of the RNA binding fluorescent fusion proteins as well as the reporter 
RNA, which limits its broad applicability.  The requirement to express one or more 
proteins for MS2-based imaging also creates a metabolic burden for the cells that could 
have unintended impacts on cellular activities including those that might affect the 
transcriptional event that is monitored (22,23). Although technologies for imaging 
mRNA synthesis are likely to always have some footprint on the cell, it should be 
minimal. The IMAGEtags are much shorter-lived than reporter proteins and other 
mRNAs (Supplementary Figure S8), which will allow them to be used to image gene 
expression as it declines as well as when it increases such as shown here. IMAGEtags 
also appear not to impose a metabolic burden on the cells or to change basal transcription 
as is evident from the lack of effect of IMAGEtag expression on yeast cell proliferation 
profiles and actin gene expression levels (Supplementary Figure S13).  
Apart from the use of an RNA-ligand combination compared with an RNA-protein 
reporter combination for visualizing gene expression, the other significant difference 
between the MS2-GFP system and IMAGEtags is that the former does not involve an 
increase in signal from a cell when the reporter is expressed.  Instead, the MS2-GFP 
system relies on the redistribution of GFP signal through the cell to localize the reporter 
RNA. By contrast, the change in FRET signal from a cell with IMAGEtag reporters 
allows determination of the average number of transcriptional events per cell per time.  
	  	  
76 	  
Because the aptamers are short, the time period before a signal is observed is also short. 
With an estimated transcriptional elongation rate of 40 nt/sec (24), a delay of about 5 
seconds is anticipated before the IMAGEtag RNAs (~200 nt long) would produce a 
FRET signal. Although this report shows that IMAGEtags can be used to detect changes 
in transcriptional activity per cell, these reporters are also amenable to tracking locations 
of individual RNAs as is accomplished with the MS2-GFP system. For this application, 
the IMAGEtag RNA reporter should be integrated into the genome for a point source of 
reporter RNA in the cell as has been done for the MS2-GFP system. 
Spinach RNA is an aptamer tag that was successfully used to track ribosomal RNA 
through cells (11).  However, far more ribosomal RNA is transcribed by Pol III than any 
mRNA product of Pol II.  Thus, for imaging mRNA expression in real time the challenge 
is to obtain a high signal to noise ratio from an RNA tag.  We have tested the Spinach 
RNA tag in the yeast system for its ability to report on the synthesis of a Pol III 5S rRNA 
product and an mRNA expressed from the GAL1 promoter.  Although we saw no signal 
above background for the Pol II-driven transcription, we observed a significant signal 
from cells expressing the Spinach RNA under the control of the 5S promoter 
(Supplementary Figs. S10-S13 and ref. 11).  The latter result is consistent with those of 
the previous report (11). As for the Spinach ligand, the IMAGEtag ligands are not toxic 
to the cells in the time frames of our current experiments. But, unlike Spinach, 
IMAGEtags utilize FRET for high signal/noise to provide high sensitivity.  Light-
activated molecular beacons have been reported with a FRET output and nanoflares with 
light activated fluorescent output, but these probes allow only transient monitoring, 
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require transfection for their delivery and are useful to image steady state levels of RNAs 
rather than transcriptional activity (25,26). 
As for all RNA tags, IMAGEtags must be evaluated for their possible effects on 
RNA metabolism and cell function before they are used for tracking transcription or 
RNA localization. In some studies RNA tags did not affect RNA steady state levels, 
regulation or processing (27,28) or cell growth characteristics (28-33). In other studies 
the position of the tag in the RNA, and/or its sequence context, altered the RNA steady 
state expression level (34,35). Steady state levels result from the sum of transcription, 
processing and degradation rates and we are unaware of studies to determine if the 
reported changes in steady state levels are due to changes in transcription rates. However, 
these observations reinforce the importance of preliminary studies to establish that the 
embedded aptamers do not affect the molecular process under investigation or the 
physiology of the cells. 
At least two adjacent aptamers are required to achieve a FRET signal from 
IMAGEtags which must each fold appropriately to bind the ligand. RNA folding and 
ligand affinity can vary greatly with the ionic environment and is not always accurately 
predicted by current folding algorithms (36). Although we used in vitro analysis of 
IMAGEtag to ligand binding (Figure S5) and predictions of RNA folding (Figure S18) to 
guide us in developing the IMAGEtags, we eventually concluded that the best test of 
their efficacy was to determine if these RNA reporters would function in a living cell. 
The ability of an aptamer to participate in a string as part of an IMAGEtag does not seem 
to be rare. Four of the five different aptamers that we developed into IMAGtags and 
tested in cells demonstrated function. The results of two (tobramycin and PDC) are 
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demonstrated here. Two others (the malachite green and neomycin aptamers) also 
demonstrated reporter activity, whereas theophylline aptamer strings were not found to be 
functional. In each case, a 4-base linker (A4) separated the aptamers in the IMAGEtag. 
Another consideration for IMAGEtag design was how many aptamers should be present 
per aptamer string. A string of 4 or more aptamers of the same type is expected to give at 
least 75% of the FRET signal of perfectly alternating FRET pairs. We tested a series of 
lengths of aptamers (5, 10 and 14) in our preliminary trials such as shown for the 
tobramycin IMAGEtags (Figure 2A).  All provided a good signal with similar FRET 
efficiencies per cell (Supplementary Figure S15). The steady state expression level of the 
5XTOB IMAGEtag was the most reproducible, perhaps due to experimental variation or 
to a more fundamental reason such as different RNA degradation rates for the different 
IMAGEtag lengths.   
The ligand characteristics are also an important consideration for choosing the 
aptamers to be included in IMAGEtag. For example, although we found that the 
malachite green aptamer produced a functional IMAGEtag (data not shown), all analogs 
of malachite green were highly toxic to yeast and mammalian cells (17). By contrast, the 
tobramycin and PDC ligands used here were not toxic after 4h incubation with the cells 
(Figure S3). Another important characteristic is the ability of the ligands to enter and 
leave the cells freely. The intracellular concentrations of both ligands should similar and 
be in the range of the dissociation constant (Kd) of the aptamers in the IMAGEtag 
reporter. To approximate the intracellular environment, our in vitro Kd measurements 
were made using a buffer designed to reproduce the intracellular cation concentrations 
(Supplementary Figure S5, Table S1).  To account for cell permeability of different 
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ligands such as PDC and tobramycin, the former being more permeable, we quantified 
the steady state levels of fluorescence from the donors and acceptors of each type in cells 
incubated for at least 4 h with the respective ligands. Performance of the IMAGEtags was 
also tested empirically with different concentrations of extracellular ligand of each type 
to optimize IMAGEtag reporting.  
IMAGEtags can readily be attached to any RNA and used as reporters from 
transiently transfected cells.  Compared with the more complicated procedures required 
to analyze images that are created by the aggregation of fluorescent proteins on a 
background of the same signal, we were able to obtain statistically significant results 
using standard sensitized FRET and acceptor photobleaching measurements and 
calculations. Thus, the IMAGEtags provide a generally applicable means of studying 
gene expression in living cells and in real time.  They also have the advantage that they 
do not require oxygen to generate the signal and thus can be used to track promoter 
activity under anaerobic conditions.  
Previous comparisons of cell signal transmission and activation of gene expression 
have identified large variations in activity between individual cells (7,37). Consequently, 
we analyzed the variability amongst cells in FRET signals from the background (control 
RNA), constitutive promoter (ACT1), and galactose-induced GAL1 promoter under two 
conditions of preculture (Figure S14). From these studies we conclude that the relative 
variability in FRET of cells expressing the IMAGEtags in response to activation by 
galactose is mostly due to the experimental design and involved the method of 
preparation of the cells.  In cell populations that were precultured in raffinose the 
variation in FRET response from GAL1 promoter IMAGEtag reporters was about the 
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same as for the constitutive promoters and with an average of 15% coefficient of 
variation for all populations tested, whereas it was higher if the cells were moved directly 
from glucose to galactose.  
The IMAGEtag method, based on a FRET signal from transcribed reporter RNAs 
and fluorescently modified ligands, enables live cell imaging of polymerase II 
transcriptional activity in real time. Compared with the current imaging systems that rely 
on fluorescent proteins, these RNA reporters are a significantly lower metabolic burden 
for the cells that are imaged and do not accumulate in the cells. Consequently, 
IMAGEtags are expected to have minimal or no impact on cell behavior. The 
IMAGEtags system can also be expressed from plasmids in transient transfection 
experiments without the need to genetically modify the host cells. This system for non-
invasive tracking of gene expression in real-time will be especially useful for studying 
gene expression that changes rapidly such as during cell differentiation and in 
development due to external soluble factors, when cells contact others or when they 
encounter a change in the nature of the substratum that they are traversing. 
 
Conclusion 	  
The IMAGEtag method, based on a FRET signal from transcribed reporter RNAs 
and fluorescently modified ligands, enables live-cell imaging of polymerase II 
transcriptional activity in real time. Compared with the current imaging systems that rely 
on fluorescent proteins, these RNA re- porters are a significantly lower metabolic burden 
for the cells that are imaged and do not accumulate in the cells. Consequently, 
IMAGEtags are expected to have minimal or no impact on cell behavior. The 
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IMAGEtags system can also be expressed from plasmids in transient transfection 
experiments without the need to genetically modify the host cells. This system for non-
invasive tracking of gene expression in real time will be especially useful for studying 
gene expression that changes rapidly such as during cell differentiation and in 
development due to external soluble factors, when cells contact others or when they 
encounter a change in the nature of the substratum that they are traversing. 
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Figure Legends 	  
Figure 1. Schematic diagram of the IMAGEtag system. IMAGEtags (Intracellular 
Multiaptamer GEnetic tags) are tandemly repeated aptamers that are transcribed in the 
cells as an mRNA construct from a promoter of choice.  IMAGEtags bind fluorescently 
labeled ligands that are labeled with one of two members of a FRET pair and the bound 
ligands are visualized by FRET.    
Figure 2. Analysis of IMAGEtags expressed in Yeast.  The FRET signal from ligand-
bound IMAGEtags was detected by sensitized emission.  Images of fluorescent yeast 
cells expressing IMAGEtags from the GAL1 promoter were obtained by confocal 
microscopy (A-B) and the DIC images show the cells in the respective fields (B).  A) 
Tobramycin IMAGEtags with Cy3- and Cy5-tobramycin: Cells with plasmids to express 
control RNA or IMAGEtags containing 5, 10 or 14 tandem tobramycin aptamers from 
GAL1 were induced by galactose for 1h after overnight culture in SD-Uracil with 
glucose, and then incubated with 25 µM Cy3-tobramycin and 25 µM Cy5-tobramycin for 
20 min.  Scale bar, 10µm. B) 6xPDC and 5xTOB IMAGEtags with Cy3- and Cy5-PDC. 
Cells expressing control RNA, 6xPDC or 5xTOB IMAGEtags were induced by galactose 
for 30 min and incubated with 5 µM Cy3-PDC and 5 µM Cy5-PDC for 30 min. C) RNA 
expression for the experiment in (A). D) Quantification of FRET from 6xPDC and 
5xTOB IMAGEtags in single cells:  Cells were induced by galactose for 30 min and 
incubated with 5 µM Cy3-PDC and 5 µM Cy5-PDC for 30 min (images shown in B).  
The fluorescence intensities of the donor and of FRET summed through the Z stack were 
measured from 9 different cells in each field.  The mean fluorescence intensity was 
calculated as ΣPixel volume/(Pixel count x number of slices).  FRET was determined by 
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the formula, FRET = FFRET/ Fdonor.  E) RNA expression for experiments in B,D). C,E) 
The amount of control or IMAGEtag RNA in each population was determined in 
duplicate samples by RT-qPCR and each value normalized to ACT1 in the same sample. 
Bars, the average mRNA level (green bars, control RNA; blue and red bars, 
IMAGEtags). Δ, individual estimates. More images associated with this figure are in 
Figures S16 and S17. 
Figure 3. Time-dependent change in IMAGEtag RNA level after activation of the 
GAL1 promoter.  Yeast cells transformed with a 2 micron plasmid for expression of 
control RNA (A) or 6xPDC IMAGEtags (B) both under the control of the GAL1 
promoter were induced with galactose. FRET: Yeast cells (n= 15-27) expressing control 
RNA (A) or 6xPDC IMAGEtags (B) were incubated for 90 min with 5 µM Cy3-PDC and 
5 µM Cy5-PDC in medium containing 1% raffinose and no glucose. The cells were 
induced by the inclusion of 2% galactose for the last 10, 40 and 90 min of the incubation. 
The FRET values for individual cells are shown as blue circles and the average FRET is 
the blue line. The amount of IMAGEtag RNA in each population was determined by RT-
qPCR and normalized to ACT1 mRNA. Fold change of RNA level indicated with a red 
dotted line and triangles. C) Image showing FRET signals in cells with control RNA and 
6xPDC IMAGEtags after 90 min induction with 2% galactose. D) FRET efficiency 
determined by acceptor photobleaching: The average FRET efficiency from three 
independently performed experiments is shown with the standard deviation in error bars. 
p<0.0001. FRET efficiencies were calculated using the formula FRET efficiency =1–
FD/F’D, where FD and F’D are donor intensity before and after photobleaching the 
acceptor, respectively. E) Quantification of expression of IMAGEtags from three yeast 
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promoters. 6xPDC IMAGEtags were expressed under the control of the GAL1, ACT1 or 
ADH1 promoters and are imaged in the presence of 10 µM Cy3-PDC and 4 µM Cy5-
PDC. Box plots are shown of compiled data from experiments in which 15-20 cells were 
quantified for each estimate. Quantification used the formula FRET= (B-A·b-c·C)/C 
described in Materials and Methods.  P values are shown for the statistical significance of 
6xPDC IMAGEtags induced vs uninduced (GAL1) or control RNA vs. 6xPDC 
IMAGEtags (ACT1 and ADH1). ●, median; n, minimum; ¡, maximum; u, q1; ▲, q3.  
Figure 4. Real time analysis of FRET upon induction of the GAL1 promoter.  A) 
Yeast cells containing 6xPDC IMAGEtags downstream from the GAL1 promoter were 
preincubated with 5 µM Cy3-PDC and 5 µM Cy5-PDC in SD-Uracil with 2% galactose 
for 40 min. Cells were washed and resuspended in SD-Uracil medium with 2% galactose 
and imaged by confocal microscopy for 50 min at 51 sec intervals. FRET signals from 
individual cells expressing the 6xPDC IMAGEtags were normalized with that of the 
average values for control cells. B) The decay of fluorescence of the control cells due to 
photobleaching.  Decay curves are shown for 4 control cells and the average of these four 
is shown as a dashed line.  This latter data was used to normalize the FRET output shown 
in A.  C) Images 75 min after adding galactose are shown of cells expressing the control 
RNA or 6xPDC IMAGEtags. D) Time courses of 6xPDC IMAGEtag RNA and 
endogenous galactokinase mRNA after induction by 2% galactose. RNA was quantified 
by RT-qPCR and is represented as fold increase over the 0-time measurement. All points 
have associated errors that are smaller or equal to the size of the symbols if they are not 
seen represented by error bars. E) Overlays of FRET images and DIC images of several 
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cells during a time course of 100 min after the addition of 2% galactose to cells that had 
been previously incubated in 2% raffinose for 12h.  
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Supplementary Information 	  
Methods related to supplementary figures 
Fluorescently labeled ligands (Figure S1) 
Abbreviations: DMSO, dimethylsulfoxide; NHS, N-hydroxysuccinimidyl; DCM, 
dichloromethane. The term PDC is not an acronym. It is the name given to the core 
chemical used to produce the Cy3 and Cy5 adducts shown in Supplemental Figure S1.  
Synthesis of PDC and other analogs can be found elsewhere (1). The PDC term refers to 
the base chemical structure and varieties are named according to their chemical 
substituents.  For example amino-PDC has an amino group on the aryl substituent and 
Cy3-PDC (referred to as Cy3-PDC-Gly in Fig. S1) has Cy3 linked to the aryl substituent 
of the PDC scaffold via glycine. 
Notes:  Cyanine dyes were purchased from Fisher Scientific.  Mass spectra were obtained 
using electrospray ionization mass spectrometry (ESI-MS) on an Agilent QTOF 6540.  
Water was the preferred solvent; methanol was avoided due to poor solubility of 
aminoglycosides in methanol. 
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Representative procedures for the reaction of NHS ester dyes with aminoglycosides.   
1. Method A: In a 20 mL vial equipped with a stirring bar, sulfonated cyanine dye NHS 
ester (1 equiv.), aminoglycoside (1.1 equiv.), and N,N-diisopropylethylamine (20 equiv.) 
were taken in dry DMSO (1.0 mL) and stirred at room temperature under argon 
atmosphere in the dark for 12 h.  The vial was wrapped in aluminum foil to ensure 
complete darkness while reacting. 
2. Method B:  After reaction completion, the mixture was purified by preparative TLC 
using a 5:4:1 mixture of DCM:MeOH:NH4OH to give the product. 
3. Preparation of Cy5-Tobramycin: Prepared using method A and purified using 
method B.  MS (ESI): m/z = 1104.46 (M-); HRMS: calculated for C51H74N7O16S2-: 
1104.4633, found: 1104.4606. 
4. Preparation of Cy3-Tobramycin:  Prepared using method A, and purified using 
method B.  MS (ESI): m/z = 1078.44 (M-); HRMS: calculated for C49H72N7O16S2-: 
1078.4477, found: 1078.4447. 
Preparation of Cy5-PDC-Gly:  In a 20 mL vial equipped with a stirring bar, Cy5-NHS 
ester (2) (50.0 mg, 71.0 µmol), PDC-Gly (1) (34.0 mg, 71.0 µmol) and triethylamine (0.5 
mL) were taken in DMF (5.0 mL) and stirred at room temperature under argon 
atmosphere in the dark for 12 h. After the completion of reaction, the reaction mixture 
was purified by preparative TLC using 10% MeOH:DCM to give the pure product in 
66% yield. C55H57Cl2N8O3+, MS (m/z): 947.5 (M+ - 1), 497.4, 383.3. 
Preparation of Cy3-PDC-Gly: In a 20 mL vial equipped with a stirring bar, Cy3-NHS 
ester (2) (30.0 mg, 43.0 µmol), PDC-Gly (1) (25.0 mg, 52.0 µmol) and N,N-
diisopropylethylamine (0.1 mL) were taken in DMF (5.0 mL) and stirred at room 
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temperature under argon atmosphere in the dark for 12 h. After the completion of 
reaction, the reaction mixture was purified by preparative TLC using 10% MeOH:DCM 
to give the pure product in 72% yield. MS (m/z): 923.3910 (M+ + 1), 471.2992; HRMS: 
calculated for C53H55Cl2N8O3+: 923.3931, found: 923.3915. 
Preparation of (Z)-2,6-difluoro-4-((2-methyl-5-oxooxazol-4(5H)-
ylidene)methyl)phenyl acetate (DFHBI-acetate): DFHBI-acetate and DFHBI were 
prepared as previously described (3). 3,5-Difluoro-4-hydroxybenzaldehyde (260.6 mg, 
1.64 mmol), N-acetylglycine (194.1 mg, 1.66 mmol), anhydrous sodium acetate (135.8 
mg, 1.66 mmol), and acetic anhydride (0.61 mL, 6.45 mmol) were combined and stirred 
at 110 °C for 2 hours.  After cooling to room temperature, cold ethanol (6 mL) was added 
and the slurry was cooled to 4 °C and set overnight.  The resulting solid was filtered and 
washed with a small amount of cold ethanol, hot water, and hexanes.  The resulting 
yellow solid was dried to afford 303.6 mg (68% yield) of DFHBI-acetate.  1H NMR (300 
MHz, CDCl3) δ 7.77 (d, J = 8.7, 2H), 6.96 (s, 1H), 2.43 (s, 3H), 2.40 (s, 3H). 
Preparation of (Z)-4-(3,5-difluoro-4-hydroxybenzylidene)-1,2-dimethyl-1H-
imidazol-5(4H)-one (DFHBI):  To a solution of DFHBI-acetate (155 mg, 0.55 mmol) in 
ethanol (2.5 mL) was added a 40% aqueous solution of methylamine in water (0.16 mL, 
1.8 mmol) followed by potassium carbonate (110.0 mg, 0.80 mmol).  The order of 
addition was critical for a successful reaction.  The slurry was heated to reflux for 3 hours 
then cooled to room temperature.  The formed brown precipitate was filtered and washed 
with a small amount of cold ethanol.  The precipitate was dissolved in a 1:1 mixture of 
ethyl acetate and 500 mM sodium acetate buffer (pH 3.0).  The organic layer was 
removed and dried over anhydrous magnesium sulfate.  After filtration, the solvent was 
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removed in vacuo.  The yellow solid was triturated with diethyl ether to afford 63.2 mg 
(46% yield) of DFHBI as a yellow solid.  1H NMR (300 MHz, CD3OD) δ 7.77 (dd, J = 
8.1, J = 1.8, 2H), 6.90 (s, 1H), 3.18 (s, 3H), 2.40 (s, 3H); MS (ESI): m/z: 253.08 (M+ + 
1), 213.15; HRMS: calculated for C12H11F2N2O2+: 253.0789, found: 253.0783. 
Ligand properties 
Spectroscopic measurements (Figure S2) 
Absorption spectra were recorded with a NanoDrop ND-1000 spectrophotometer.  
Fluorescence excitation and emission spectra were measured with a Varian Cary Eclipse 
Spectrophotometer.  The measurements of Cy3-tobramycin and Cy5-tobramycin were 
carried out in water.  The measurements of DFHBI were performed in the original 
selection buffer consisting of 40 mM HEPES pH7.4, 125 mM KCl, 5 mM MgCl2, and 
5% DMSO. 
Toxicity (Figure S3) 
 S. cerevisiae (BY4735) was maintained in YPD (1% yeast extract, 1% peptone, 2% 
glucose) medium at 30oC overnight.  The initial yeast cell density in YPD medium was 
approximately 0.02 OD600 units and the cells were dispensed into a 96-well plate to be 
tested in quadruplicate.  Several concentrations of Cy3-tobramycin and Cy5-tobramycin 
were added to each well of the 96-well plate.  To test PDC derivatives and DFHBI, 
several concentrations of Cy3-PDC, Cy5-PDC or DFHBI were treated in each well of a 
96-well plate in the presence of 2 or 5% DMSO or 1 or 2.5% DMSO, respectively.  The 
control wells contained a similar cell density of yeast in YPD medium and (for studies 
with PDC analogs) 1 to 5% DMSO was added with the PDC derivatives with the 
percentage depending on the experiment. The same concentration was used in a control 
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(no PDC analog). The plates were sealed with an oxygen permeable membrane (Breathe-
easy sealing membrane, Research Products International Corp) and incubated on a plate 
shaker at 250 r.p.m at 30oC for 24 h.  The turbidity was measured every hour by 
measuring the absorbance at 600 nm in a plate reader (Synergy2 plate reader Biotek).  
The densities of the treated and control cultures were compared and toxicity was 
observed as a decrease in saturation density determined at OD600.  
Cloning repetitive sequences (Figures S4 and Tables S2 and S3) 
Materials and plasmids for cloning  
 
The vector pZErO-2 and Vector NTI Software were from Invitrogen. E. coli strain 
NEB 5-alpha and restriction endonucleases AflIII, ApoI, BsaI and BsmAI were obtained 
from New England Biolabs. Calf intestinal alkaline phosphatase (CIAP), T4 
polynucleotide kinase and T4 DNA ligase were purchased from Promega. QIAquick Gel 
Extraction Kit and QIAprep Spin Miniprep Kit were obtained from QIAgen. Sequencing 
primers 2819 (5’-GGCCT TTTTA CGGTT CCTGG-3’) and 2820 (5’-GCCGC TCCCG 
ATTCG CAG-3’), and all oligonucleotides used to make inserts were synthesized by the 
Iowa State University DNA Facility (DSSF).  All sequencing was done by the DSSF. 
Cloning initial repetitive aptamer sequences from synthetic oligonucleotides 
 
The pZX-2/Mei66 vector for cloning the repetitive sequences was created by 
digesting the pZErO-2 vector with restriction enzymes AflIII and ApoI.  The fragment of 
1854 base pairs was isolated using gel electrophoresis, and purified with QIAquick gel 
extraction kit.  Two pairs of complementary oligonucleotides were used to create inserts 
containing between two and seven repeats (150-250bp) of the sequences (Table SI), 
flanked by restriction sites for BsaI and BsmAI for subsequent multiplication.  
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Complementary oligonucleotides were annealed by slow cooling from 95°C to 25°C and 
phosphorylated using T4 polynucleotide kinase.  The double stranded inserts were cloned 
into the vector with T4 DNA ligase and transformed into E. coli strain NEB 5-alpha by 
heat shock for 1 min at 42°C. 
Construction of longer repetitive sequences 
 
The initial repetitive sequences were cut out of the vector using BsmAI, and purified 
using agarose gel electrophoresis.  A separate fraction of the vector was cut with BsaI, 
which cuts at a single site at the 5’ end of the multiaptamer, leaving the aptamers in the 
vector.  The BsaI digested vector was dephosphorylated, and the multiaptamer fragment 
that had been excised with BsmAI was cloned into the vector.  Clones were analyzed for 
the inserts by digestion with BsmAI, and sequenced in each direction with primers 2819 
and 2820. 
Repetitive aptamer sequences constructed using oligonucleotides 
 
The minimal vector (pZX-2/Mei66) with unique BsaI and BsmAI restriction sites, 
was used as a recipient of an initial set of repeated sequences (Figure S4).  Annealed 
oligonucleotides containing one or more of the repeated sequences were used in the first 
step of constructing plasmid inserts with multiple sequences. The number of repeats that 
can be included in the oligonucleotides depended of the length of the repeated sequence.  
In our studies the oligonucleotide inserts contained between two to seven sequence 
repeats (150-250 bp each).  Analysis of the resulting clones was done by digestion with 
BsmAI followed by agarose gel electrophoresis.  In general, several plasmids were 
obtained that appeared, by electrophoretic mobility, to have the expected insert sizes.  
However, cloned inserts containing repeats of the neomycin and tobramycin aptamers 
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were often observed with lengths different than the expected due to the inclusion of 
additional or fewer than expected numbers of repeats.  The number of repeats in each 
plasmid was confirmed by sequencing.  
Multiplication of the original repetitive sequences 
 
Multiplication of the initial set of inserted repeats was achieved in a second cloning 
step that could consist of several rounds and utilized the restriction enzymes BsaI and 
BsmAI (Figure S4).  The recognition sequences of these restriction enzymes are not 
palindromic and they cut DNA beyond their recognition sequences.  Consequently, the 
restriction enzyme sites remain unaltered after digestion, and four-base overhangs are 
created from the adjacent base pairs. The sequence between the restriction sites was 
designed so that four of the bases at either end of the fragment are repeated at the other 
end in order to create compatible overhangs after digestion.  Also, because the 
recognition sequence for BsmAI is present within that of BsaI, any sequence cut by BsaI 
is also cut by BsmAI but not vice versa.  With this construction, the fragment between the 
two restriction enzyme sites can be cut from the vector with BsmAI, while digestion with 
BsaI only cuts the vector at one end of the insert.  This construction allows a fragment 
that was cut out with BsmAI to be ligated back into the same vector that has been 
digested with BsaI with a resulting multiplication of the number of repeats in the insert 
from the first round of cloning (Figure S4). 
With each round of expansion we can expect to obtain cloned inserts with double the 
number of repeats of the previous insert.  This was obtained and, in addition, some clones 
contained inserts with 3, 4 and up to eight multiples for several of the cloned sequences 
(Table SI).  We also obtained plasmids with inserts containing numbers of repeats that 
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were not multiples of the initial repeat.  The latter was obtained in inserts containing 
aptamer sequences that can form single stem-loops, but not for a sequence that was not 
predicted to form a stem-loop structure (data not shown).  A potential of the DNA 
encoding these aptamers to form cruciforms might be responsible for the lack of partial 
sequences in the cloned inserts.   
A second round of cloning as just described was used to multiply the number of 
repeated sequences in the insert from the first round.  As for the first round, the increase 
in number of repeat sequences can be any even multiplier of the original number of 
repeats because this strategy allows the insertion of multiple fragments in tandem.  Using 
this strategy, strings of a variety of lengths were created for several aptamers (tables S2, 
S3).  
In vivo stability of inserts containing repeated sequences (Table S3) 
DNA sequences that are capable of forming strong internal secondary structures can 
destabilize DNA during its replication resulting in deletions, insertions and 
rearrangements(4-6).  This feature of bacterial DNA synthesis and repair may be the basis 
of our recurrent observations, with several aptamer constructs, that the number of repeats 
in the cloned insert was not an integer multiple of the number of repeats in the fragments 
used for expanding the insert (asterisks in Table S2).   For only one sequence (the 
tetracycline aptamer) were we unable to produce repeated sequences and obtained clones 
that contained only fragments.  Thus, some sequences are difficult to expand as 
multimers, and for others unexpected numbers of multimers can be obtained.   
Our general experience from experiments to expand the number of repeats in a 
plasmid was that, once cloned, the number of sequence repeats in a plasmid was quite 
	  	  
99 	  
stable.  We were regularly able to isolate plasmids with the expected sized inserts from 
transformed bacterial cell populations that had undergone many replications.  However, 
to further evaluate the stability of the cloned repeated sequences in the pZX-2 vector, 
transformed cells containing selected plasmids were streaked, bacterial colonies 
randomly selected and plasmids isolated and tested for insert size by restriction digestion 
and/or sequencing (Table S3). From this study it was shown that most repeated sequences 
of less than 100 were stable. 
Aptamer-ligand binding determined by Isothermal titration calorimetry (Figure S5) 
Isothermal titration calorimetry (ITC) experiments were carried out at 25oC with a 
stirring speed of 300 rpm in buffer IC, which was formulated to approximate intracellular 
pH and cation concentrations based on literature reports for these values.  The ITC 
experiments were performed using a VP-ITC instrument (Microcal).  Thirty injections of 
10 µL from a 300 µL syringe were made at a spacing time of 300 sec.  Titrations were 
performed with 100 µM tobramycin in the syringe and 10 µM tobramycin RNA aptamer 
in the cell.  Control experiments to determine the heat of the dilution were performed by 
injecting tobramycin in buffer IC into a cell containing buffer IC.  These values for the 
heat of dilution of tobramycin to buffer were subtracted from the corresponding values of 
heat from titrating tobramycin into the tobramycin aptamer.  To measure the binding 
constants for tobramycin analogs, 50 µM tobramycin RNA aptamer in buffer IC was 
titrated into a cell containing buffer IC and 5 µM Cy3-tobramycin or Cy5-tobramycin, 
respectively.  For control values, 50 µM tobramycin aptamer was injected into a cell 
containing buffer IC.  To measure the binding affinity for the IMAGEtags, 150 µM 
tobramycin in buffer IC was titrated into a cell containing buffer IC and 2.4 µM in vitro 
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transcribed 5mer of tobramycin aptamer.  For the control experiment, 150 µM 
tobramycin was injected into a cell containing buffer IC.  Before each titration, the RNA 
was heated to 95oC and incubated for 5 min in the buffer IC, then cooled down slowly to 
room temperature for 30 min.  Data from the ITC experiments were analyzed using 
Origin 7.0 (Microcal) with N (number of binding sites per molecule in the sample cell), 
Ka (association constant in M-1), ΔH (enthalpy change in cal mol-1), and ΔS (entropy 
change in cal mol-1deg-1) as adjustable parameters used by the program for fitting the 
curves. 
IMAGEtag and endogenous gene expression determined by quantitative analysis of 
transcripts by RT-qPCR (Figure S6) 
Steady-state levels of mRNAs were analyzed by reverse transcription quantitative 
PCR (RT-qPCR).  Yeast RNA was extracted by phenol chloroform using glass beads(7).  
The forward 4656 (TGCAGATATCCATCACACTGGC) and reverse 4657 
(CCTAGACTTCAGGTTGTCTAACTCC) primers sequences are located outside the 
IMAGEtag sequences. The level of galactokinase mRNA, the endogenous positive 
control for activity of the GAL1 promoter, was determined by the forward 4654 
(TTTGATATGCTTTGCGCCGTC) and reverse 4655 (AGTCCGACACAGAAG
GATCAATT) primers.  The IMAGEtag and galactokinase RNA expression levels were 
normalized to the ACT1 mRNA level, which was determined in the same sample using 
the forward and reverse primers 4609 (ATTCTGAGGTTGCTGCTTT) and 4610 
(GTCCCAGTTGGTGACAATAC), respectively.   
 
 
	  	  
101 	  
β-galactosidase assay for time course of appearance of a protein reporter after 
GAL1 activation (Figure S7) 
Yeast cells containing β-galactosidase under the control of the GAL1 promoter in the 
pYES2 vector were inoculated into either SD-uracil containing 2% glucose or SD-uracil 
containing 2% raffinose and incubated at 30oC overnight.  Cells from the glucose 
preculture were then diluted into either SD-uracil containing 2% galactose (inducing 
condition) or SD-uracil containing 2% glucose (noninducing condition).  The raffinose 
preculture was diluted in SD-uracil containing 2% galactose (inducing condition).  
Five mL of yeast culture was collected at each identified time point after adding galactose 
and concentrated by centrifugation at 1100 x g for 5 min.  The cells were resuspended in 
Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM 2-
mercaptoethanol, pH 7.0), placed on ice, and measured for the OD600 value.  After lysis 
by 0.1% SDS and chloroform, the yeast lysates were equilibrated for 15 min at 30oC.  
ONPG (2-nitrophenyl beta-D-galactopyranoside) was added and the reaction mixture 
incubated at 30oC for 15 min.  The color of the reaction mixes changed to a range of 
yellows depending on the amount of β-galactosidase activity in the sample.  The reaction 
was stopped with sodium carbonate.  After centrifugation at 1100 x g for 5 min to remove 
cell debris, the ODs at 420 and 500 were measured and the β-galactosidase activity was 
calculated by the following equation (8). Unit = 1000 x [(OD420)-(1.75 x OD550)] / 
[(Time) x (vol) x OD600] 
The time of reaction is in minutes, vol is volume of culture used in the assay (mL), 
OD600 is a measure of the cell density at the start of the assay, OD420 is a combination of 
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absorbance by o-nitrophenol and light scattering by cell debris, and OD550 is light 
scattering by cell debris.  
Spinach clones 
The Spinach RNA cassette(3) was inserted in a pYES2 vector after the GAL1 
promoter.  In addition, the 5S ribosomal RNA promoter and gene were PCR-amplified 
from Saccharomyces cerevisiae (BY4735) genomic DNA using primers 4862 
(5’GCATCAGCCGGCGTCCTCCACCCATAACACCTCTC 3’) and 4863 
(5’GCGCGTCGACAGATTGCAGCACCTGAGTTTCG 3’) then digested with NgoMIV 
& SalI followed by insertion into the pYES2 yeast expression vector (pIC303 with the 
GAL1 promoter removed) containing the Spinach aptamer cassette and a termination 
signal. The entire Spinach cassette along with the termination signal and the 5S ribosomal 
RNA gene was amplified using primers 4865 (5’ GCCGCAAGCTTGGTTGCGGCCAT
ATCTACC 3’) and 4866 (5’ CGCGCGGATCCAAAAAAAGCGGACCGAAGTC 3’) 
followed by digestion with HindIII & BamHI and insertion into the pYES2 vector after 
the GAL1 promoter.   
Plasmids expressing the Spinach RNA from the 5S and GAL1 promoters were 
transformed into BY4735 cells by the Lazy Bones yeast transformation method.(9) The 
transformants were selected on SD-Uracil plates.  
Spinach RNA synthesis and analysis (Figure S9) 
Plasmids for expression of the Spinach RNA cassette or the 5xTOB IMAGEtag were 
linearized by XbaI enzyme digestion.  Linearized DNAs were purified with 
phenol/chloroform extraction and followed by ethanol precipitation, then used as 
templates for in vitro transcription by T7 RNA polymerase (AmpliScribe T7 Flash 
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Transcription Kit, Epicentre).  In vitro transcribed RNAs were purified by spin column 
(Bio-Spin 6 Columns, Bio-rad).  One µM of RNA was denatured at 75oC for 5 min and 
quickly place on ice to cool.  The RNA was incubated for 30 min with 10 µM of DFHBI 
in the buffer containing 40 mM HEPES pH7.4, 125 mM KCl, 5 mM MgCl2, and 5 % 
DMSO.  RNA and/or DFHBI complex were photographed under illumination with 365 
nm of light.  Fluorescence excitation and emission spectra were detected with a Varian 
Cary Eclipse Spectrophotometer. 
Comparison of Spinach aptamer function driven by the 5S and GAL1 promoters 
(Figures S10-S11) 
Saccharomyces cerevisiae (BY4735), precultured in SD-Uracil with 2% glucose, and 
containing the plasmids for expression GAL1 promoter of either the Spinach aptamer or 
the 5xTOB IMAGEtag were incubated with 500 µM DFHBI in SD-Uracil containing 1% 
raffinose for 3h and induced for the indicated time periods with 2% galactose. The cells 
were placed on Mattek dishes for 5 min and then visualized under the confocal 
microscope with an excitation at 470 nm and emission at 475-550 nm. 
BY4735 cells transformed with the pYES2 vector or pYES2-based plasmids for 
expression of the Spinach aptamer under control of either the 5S promoter or the GAL1 
promoter, were grown in either SD-Uracil medium overnight at 30oC with 2% glucose 
(for cells with Spinach driven by the 5S promoter) or SD-Uracil medium with 2% 
raffinose, (for cells with vector alone or with Spinach driven by the GAL1 promoter). 
Media was removed from each of the cultures and cells with Spinach driven by the 5S 
promoter were incubated with 1 mM DFHBI in SD-Uracil medium with 2% glucose for 
1h at 30oC. Cells with no Spinach or with Spinach driven by the GAL1 promoter were 
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pre-incubated with 2% galactose and 2% raffinose in SD-Uracil medium for 30 min and 
then incubated with 1 mM DFHBI, 2% galactose and 2% raffinose in SD-Uracil medium 
for 1h at 30oC. The cells were placed on Mattek dishes for 5 min and then visualized 
under the confocal microscope with an excitation at 470 nm and emission at 475-550 nm.   
To check for expression of the Spinach RNA in the cells, total RNA was isolated 
with phenol, chloroform and glass beads then digested with DNaseI (Invitrogen) prior to 
cDNA synthesis by reverse transcription using Superscript III reverse transcriptase (RT) 
and oligo 4874 (5’ CCCGAACAGGGACTTGAACCC 3’).  The latter incubations were 
performed with and without RT present.  PCR was then performed to amplify the 
Spinach cassette with the forward primer oligo 4873 (5’ 
GCCGGACGCAACTGAATGAAATG 3’) and reverse primer oligo 4874.	  	  
Supplementary Tables 	  
S1.  Affinities of the tobramycin aptamer for tobramycin and its fluorescently 
conjugated derivatives 
 
 
 
 
 
 
 
Ligand Kd (µM) N 
Tobramycin      0.24 ± 0.10 5 
Cy3-tobramycin 1.4 ± 1.2 4 
Cy5-tobramycin 1.0 ± 0.66 2 
Cy3-PDC-gly 41  ± 54 1 
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Dissociation constants for the tobramycin aptamers used in the IMAGEtags were 
determined by isothermal titration calorimetry. N is the number of independent 
experiments. 	  
S2. Cloned inserts with repetitive sequences 
Repeated Sequence Source and number of 
initial repeats  
Number of repeats 
after one round  
Tobramycin aptamer 
(GGCACGAGGUUUAG
CUACACUCGUGCC) 
Oligonucleotides (5)  5 
Vector (5)   7*, 8*, 10, 13*, 14* 
Neomycin aptamer 
(GGACUGGGCGAGAAGU-
UUAGUCC) 
Oligonucleotides (6)  7, 8* 
Vector (8)  16, 23*, 24, 32 
Kanamycin aptamer 
(GCGCAGUGGGCAUAG-
AACCAUGCGC) 
Oligonucleotides (7)  7 
Vector (7)  9*, 12*, 14, 26*, 28, 56 
Alternating neomycin-
tobramycin  aptamers 
(GGACUGGGCGAGAAGUUU
AG
UCCAAAAGGCACGAGGUUU
AGCUACACUCGUG CC)  
Oligonucleotides (4)  4 
Vector (4)  8 
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Each named sequence was cloned and expanded as described in Figure S4.  The initial 
sequence repeats were inserted as annealed oligonucleotides or were in a vector from a 
previous cloning round.  The aptamers were separated by 4-base linkers consisting of a 
string of As. To determine the appropriate linker length, we estimate the number of bases 
that would provide a separation of aptamers of between 20 and 80 Å assuming that the 
repeats are lined up serially and the shortest distance would be when the aptamers are 
parallel to each other and the longest distance would be when they are antiparallel. We 
also chose bases for the linkers that would be unlikely to form much structure or interact 
with the aptamers in a tertiary structure.  
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S3. Biological stability of cloned repeated sequences 
Repeated 
sequence 
Number of repeats Vector Analysis 
Original Selected colonies 
Neomycin 
aptamer 
8 8 (3) pTrc sequence 
16 15 (1); 16 (2) pTrc sequence 
24 24 (3) pTrc sequence  
24 24 (4) pZX-2 electrophoresis 
32 32 (3) pTrc sequence 
Kanamycin 
aptamer 
3 3 (3) pTrc sequence 
7 7 (3) pTrc sequence 
12 12 (3) pTrc sequence 
14 14 (3) pTrc sequence 
28 28 (3) pTrc sequence 
Tobramycin 
aptamer 
5 5 (4) pZX-2 sequence 
5 (4) pYES2 sequence 
10 3 (1), 7 (1), 10 (2) pZX-2 sequence 
3 (1), 4 (1), 6 (1), 8 (1) pYES2 sequence 
14 5 (1), 8 (3) pZX-2 sequence 
4 (1), 6 (1), 10 (1), 12 
(1) 
pYES2 sequence 
Alternating 
neomycin-
tobramycin 
aptamers 
4-4 4-4 (4) pZX-2 sequence 
4-4 (4) pYES2 sequence 
 
	  	  
108 	  
 
Several plasmids containing a variety of repeated sequences were tested for their stability 
in E. coli.  Plasmids were isolated from randomly selected clones of transformed bacteria 
and tested for the number of sequence repeats by sequencing or restriction digestion 
followed by gel electrophoresis of the released insert to determine its size. 
 
Supplementary Figures 	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Structures of synthesized ligands  
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Figure S2. Absorbance and fluorescence spectra of aptamer ligands  
All spectra were normalized to their absorbance peaks set as: (1) Absorbance spectrum of 
DFHBI in buffer containing 40 mM HEPES pH 7.4, 125 mM KCl, 5 mM MgCl2 and 5% 
DMSO and Cy3- and Cy5-tobramycin in water, (2) Emission spectra of Cy3-and Cy5-
tobramycin in water, and (3) Excitation and emission spectra of RNA-DFHBI.  Spectra 
were collected in the presence of RNA (1 μM) and excess fluorophore (10 μM) in 
buffer containing 40 mM HEPES pH 7.4, 125 mM KCl, 5 mM MgCl2 and 5% DMSO.   
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Figure S3. Toxicity for S. cerevisiae of fluorescently modified ligands 
Yeast cell density was measured at OD600 at 4 h after inoculation. Shown is the ratio of 
the densities of treated cells compared with untreated control cells. The control cells were 
incubated in YPD medium (A) or YPD medium with DMSO (B, C). A) Toxicity of Cy3- 
and Cy5-tobramycin. B) Toxicity of Cy3- and Cy5-PDC. The DMSO concentration was 
2% of (for up to 9 µM) or 5% (20 and 40 µM).  C) Toxicity of DFHBI. The DMSO 
concentration was 1% (for up to 200 µM) or 2.5% (300 and 500 µM).  
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Figure S4. Cloning strategy for expanding the number of copies of a DNA sequence 
to produce a repeating sequence  
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Figure S4.  A.  Plasmid pZX-2.  The vector contains only the origin of replication and 
the kanamycin resistance gene of the original pZErO-2 vector.  Tandem repeats of the 
desired aptamer are flanked by the restriction sites for multiplying the repetitive sequence 
(BsaI and BsmAI), and primers 2819 and 2820 for sequencing from each side of the 
construct. B.  Expansion of a single sequence to produce tandem repetitive 
sequences. a) The double stranded recognition sequences (gray boxes) and location of 
cut sites (arrows) for BsaI and BsmAI.  N indicates any base (A, C, G or T).  b, c) The 
strategy for cloning repeated sequences. b) Annealed oligonucleotides containing one or 
more of the sequence to be repeated are cloned into the cloning vector. The cloning 
vector contains two recognition sequences for BsmAI, one on each side of the insert 
containing the repeated sequence.  c) The repeated sequence insert is cut out of the vector 
with BsmAI (1), and purified by agarose gel electrophoresis (2).  One of the BsmAI sites 
contains an additional GC base pair and is recognized by BsaI, while the other site 
contains a TA base pair and is therefore protected from cleavage by BsaI.  Digestion with 
BsaI cuts the vector at one end of the repeated sequence insert, leaving the insert in the 
vector (3).  The digested vector is dephosphorylated (4) to prevent its self-ligation in the 
final step.  The purified insert is ligated back into the single cut vector to create a longer 
insert with twice the number of copies of the repeated sequence (5).  Several insert 
fragments can be ligated into the vector in the same round resulting in inserts containing 
three or more times the number of repeats in the starting insert.  Because the restriction 
enzyme sites are unaffected by the insertion of new sequences, step (c) can be repeated in 
additional rounds to create constructs with increasing numbers of repeats. 
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Figure S5. Binding affinity between tobramycin and single or multiple tandem 
tobramycin aptamer determined by ITC 
A) The binding affinity of tobramycin with a single tobramycin aptamer.  Tobramycin 
was titrated into the cell containing the tobramycin aptamer to determine the binding 
constants of aptamer in the presence of salt concentrations and pH similar to the 
conditions inside eukaryotic cells (Buffer IC).  B) Tobramycin was titrated into an ITC 
cell containing IMAGEtags consisting of five tandem tobramycin aptamers.  A and B) 
Top panel: The raw ITC data with the blank subtracted showed the heat release with time.  
Bottom panel: The integrated data from the top panel showed the normalized heat release 
plotted with the molar ratio of tobramycin/aptamer. Data fitting: A) The data was fitted 
	  	  
114 	  
to a 2-site model that yielded the following results site 1: K1 = 6.40E6 ±3.18E7, ΔH1 -
1.328E4 ±227, ΔS1 -13.4; site 2: N2 = 0.384 ±24.8, K2 = 2.09E4 ±2.13E5, ΔH2 = -
5.703E4 ±3.97E6, ΔS2 = -172. From these values the estimated Kds were: 0.16 and 35 
µM. Table S1 provides a summary of the Kd of this aptamer determined from the average 
many independent titrations. B) The data was fit to a multi-site model (R^2: 0.96817) that 
yielded the following parameters: site1: K1 = 8.97E4 ± 2.1E4, ΔH1 = -5.321E4 ± 1.05E4, 
ΔS1 = -156; site 2: K2 = 6.91E4 ± 1.5E4, ΔH2 = 5.441E4 ± 3.08E4, ΔS2 = 205; site 3: 
K3 = 2.31E5 ± 4.8E4, ΔH3 = -8.535E4 ± 4.27E4, ΔS3 = -262; K4 = 2.19E4 ± 4.0E3, 
ΔH4 = 2.196E5 ± 1.19E5, ΔS4 = 756; K5 = 1.37E5 ± 3.2E4, ΔH5 = -3.073E5 ± 1.01E5, 
ΔS5 = -1.01E3. From these values the estimated Kds were: 4.3, 7.3, 11, 15 and 46 µM.  
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Figure S6. Time-course of changes in RNA levels after induction of 5xTOB 
IMAGEtags and galactokinase in yeast 
A. IMAGEtags and galactokinase RNA levels were determined by RT-qPCR and 
normalized to the ACT1 mRNA.  RNA was isolated from cells incubated for various 
periods in one of two GAL1-inducing media  [Gal (2% galactose) [A] or Gal, Raf (2% 
galactose, 1% raffinose) [B,C]] after having been precultured in 2% glucose (Glc) [A,B] 
or 2% raffinose (Raf) [C] containing media. ●: IMAGEtags, □: Galactokinase 
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Figure S7. Time-course of change in β-galactosidase activity with GAL1 promoter 
activation 
The time-course of β-galactosidase activity was determined in noninducing media 
containing 2% glucose (▲) or GAL1-inducing media containing 2% galactose (●, ■)  
into which the cells were placed after having been precultured in either 2% glucose 
containing media  (●) or 2% raffinose containing media (■).  
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Figure S8. Stabilities of the IMAGEtag RNAs 
Yeast cells were precultured in SD-uracil containing 2% raffinose and then transferred 
into SD-uracil containing 2% galactose in which they were grown until reaching mid log 
phase.  Transcription was stopped by adding thiolutin (3 µg/mL; Santa Cruz 
Biotechnology), which is an inhibitor of RNAPI, RNAPII and RNAPIII.  Five mL of 
yeast was collected prior to thiolutin addition and after 15 and 30 minutes the RNA was 
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extracted as previously described.  The IMAGEtag, galactokinase and ACT1 RNA 
expression levels were normalized to the 25S rRNA level, which was determined in the 
same samples using the forward and reverse primers, 4669 
(GGTAGGAGTACCCGCTGAAC) and 4670 (CCCAAAGTTGCCCTCTCCAA), 
respectively. The RNA levels were normalized to the 25S rRNA because this RNA was 
stable over the period of the experimental estimates made in this experiment. Stability of 
the rRNA between 15 and 30 min after adding thioelutin was established using data from 
three independent experiments. The average 25S rRNA level was 0.46 + 0.10 ng/µg total 
RNA after 15 min and 0.50 + 0.048 ng/µg total RNA after 30 min in thiolutin.  In each 
experiment two biological samples were tested and each was tested with two technical 
replicates.  
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Figure S9. Analysis of Spinach RNA in vitro 
A) Fluorescence change of DFHBI by binding with Spinach RNA.  In vitro 
transcribed Spinach RNA increases fluorescence while 5xTOB IMAGEtag RNA did not 
enhance fluorescence of DFHBI.  DFHBI (10 µM) in buffer containing 40 mM HEPES 
pH 7.4, 125 mM KCl, 5 mM MgCl2 and 5% DMSO, Spinach RNA (1 µM), DFHBI with 
Spinach RNA or DFHBI with the 5xTOB  IMAGEtag were photographed under 
illumination with 365 nm of light. B) Excitation and emission spectra of DFHBI with 
Spinach RNA or 5xTOB IMAGEtag. Spectra were collected in the presence of RNA (1 
µM) and excess fluorophore (10 µM) in buffer.   
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Figure S10. Expression of Spinach from the GAL1 promoter 
A) Spinach RNA with DFHBI.  Cells expressing Spinach RNA cassette from the GAL1 
promoter were incubated with 500 µM of DFHBI for 3h and induced by galactose for the 
indicated time periods.  Images of fluorescent yeast cells were obtained by confocal 
microscopy.  B) 5xTOB IMAGEtags with DFHBI.  Cells expressing IMAGEtags of 5 
tandem tobramycin aptamers, a control RNA, were incubated with 500 µM of DFHBI 
with and without induction for 3h. C) Quantification of fluorescence outputs from cells 
from images in A and B. To obtain the average fluorescence per cell, 20-30 cells were 
quantified for each condition. 
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Figure S11. Comparison of Spinach fluorescence when expressed from the 5S and 
GAL1 promoters 
BY4735 yeast cells were transformed with either 1) pJJR167 plasmid in which the 5S 
rRNA gene and the Spinach cassette are driven from the 5S promoter, 2) pJJR172 
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plasmid in which the Spinach cassette and 5S rRNA gene construct is driven by the 
GAL1 promoter, or 3) the pYES2 plasmid in which the GAL1 promoter drives 
expression of a short RNA (0mer). The cells with pJJR167 were grown in SD-Uracil 2% 
glucose media and cells with pJJR172 and 0mer were grown in SD-Uracil 2% raffinose 
media overnight at 30̊C. Cells with pJJR167 were pelleted and resuspended in SD-Uracil 
2% glucose and 1 mM DFHBI and incubated at 30 ̊C for 1h.  Cells with pJJR172 or 0mer 
were pelleted and resuspended in SD-Uracil 2% raffinose and 2% galactose for 30mins 
and then incubated with 1 mM DFHBI, SD-Uracil, 2%raffinose and 2% galactose for 1h 
at 30°C. Cells were directly placed on MatTek dishes and imaged using a Leica SP5X 
laser scanning confocal microscope with a 63X objective and immersion oil, with 
excitation at 470 nm white light laser.  Emission of DFHBI was recorded at 475-550 nm.  
Maximum projections of the images are shown. A) Cells in which Spinach was expressed 
from the 5S promoter, B) Cells in which Spinach was expressed from the GAL1 
promoter. These images were quantified for fluorescence per cell (Fig. S12).  C) gel 
showing the PCR-amplified cDNA from cells expressing Spinach from the 5S and GAL1 
promoters from samples in which reverse transcriptase was present (+RT) or absent (-RT) 
during the reverse transcription reaction.  -, water added in place of sample. Note that this 
saturation PCR assay demonstrates the presence of each RNA in a sample but does not 
reflect their relative amounts due to primer depletion during amplification.  
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Figure S12. Quantification of Spinach fluorescence 
DFHBI emission signals were quantified from 9 cells of each group of cells that 
expressed Spinach from the 5S promoter, the GAL1 promoter and the 0mer expressed 
from the GAL1 promoter. The box plot compares the DFHBI signals from each of the 
sample sets. 
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Figure S13. The effect of IMAGEtag expression on Yeast growth and ACT1 mRNA 
levels 
A) Yeast cells with 6X PDC aptamer or control RNA expressing plasmids were grown in 
SD-Uracil medium with 2% raffinose for 15 h. Cells were then incubated with or without 
2% galactose and growth was monitored by OD at 600 nm for 24 h. B) Yeast cells with 
control RNA or 6X PDC or 5X TOB expressing plasmids were grown in SD-Uracil 
medium with 2% glucose for 18 h followed by  induction with 2% galactose for 30 min. 
Total RNA was purified from the cells and the amount of actin mRNA was measured 
with qRT-PCR. 
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Figure S14. Variations in FRET values for individual cells with different promoters 
under different conditions of preculture and induction by galactose  
The results of four experiments are compiled to show the variations in FRET efficiency 
with culture conditions and expressed RNAs.  The horizontal lines in each graph separate 
the data for different experiments. For each row of data (e.g. GAL1 Control RNA, etc.) 
all cells are from the same cell population imaged at one sitting. The data for cells that 
had been preincubated in raffinose (A) are compared with cells that have been 
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preincubated in glucose (B) prior to adding galactose in the case of the GAL1 promoter. 
The cells that have also been preincubated with galactose for 90 min (raffinose 
preculture) or varying times as listed (glucose preculture) are identified in the left column 
under the heading ”inducer.”  The data from B are from Fig. 3.  
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Figure S15. FRET efficiency is the same for all lengths of IMAGEtags 
Yeast cells with 5XTOB, 10X TOB, and 14X TOB IMAGEtags or control RNA 
expressing plasmids were grown in SD-Uracil medium with 2% glucose for ~18 h then 
the medium changed to 2% galactose and 1% raffinose in SD-uracil and incubated for an 
additional 30 min min after which they are incubated for 30 min with 25 µM each of 
Cy3-tobramycin and Cy5-tobramycin then imaged.  FRET efficiency was determined by 
acceptor photobleaching. Shown is the average FRET efficiency determined from 5-6 
individual cells from each population. The error bars show the standard deviations of 
each average value. 
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Figure S16. Images of individual channels from FRET experiments 
Yeast cells expressing the control RNA or 6XPDC aptamer were induced with 2% 
galactose, in the presence of 1% raffinose, for 30 min and incubated with 5 µM Cy3-PDC 
and 5 µM Cy5-PDC for 30 min. The left panel shows images of the control RNA 
expressing cells in the donor and FRET channels respectively whereas the right panel 
shows the same for the 6XPDC expressing cells. 
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Figure S17. Sensitized emission of PDC expressing cells with PDC-Cy3 (donor)  
Yeast cells expressing the 6XPDC aptamer were induced with 2% galactose and 
incubated with 10uM Cy3-PDC only for 90 mins.  For imaging, the cells were excited at 
550nm (Cy3 excitation wavelength) and images were taken at A) Cy3 (donor) channel, 
B) FRET channel and C) DIC channel. 
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Figure S18. Examples of structural predictions for IMAGEtags  
Co-transcriptional fold: The sequence of the 5XTOB IMAGEtag was analyzed by 
Kinefold (http://kinefold.curie.fr/) using transcription rates of 1 nt per 3, 20 and 200 ms.  
In all cases the same co-transcriptional folding was observed. The co-transcriptional fold 
of the 5XTOB IMAGEtag includes all aptamers folded appropriately for tobramycin 
binding capability. Renaturation fold: The 5XTOB IMAGEtag RNA was folded from the 
denatured state (http://kinefold.curie.fr/), which predicted that no aptamers would be 
appropriately folded under these conditions.  
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Abstract 	  
Riboswitches have been proposed to be “molecular fossils”, of ancient origin and 
perhaps survivors from the RNA world. Fundamental to the riboswitch function is the 
aptamer by which a metabolite is recognized. Here we show that, when expressed in 
cells, aptamers are capable of increasing the intracellular free concentrations of small 
molecules that they recognize. This was demonstrated using the aminoglycoside series of 
aptamers for which it is demonstrated that the aptamer participates as part of a system of 
equilibria that includes the movement of the aptamer small molecule ligand across the 
membrane. The result of aptamer expression is an increase in the intracellular 
concentration of ligand. The intracellular free concentration of ligand is decreased by a 
higher affinity aptamer and increased by a lower affinity aptamer. This ability to increase 
the free intracellular concentration of an enzyme substrate might have been the first 
function of aptamers in protocells in which self-replicating RNA molecules encased in 
fatty acid micelles would be advantaged by the increased uptake of substrates afforded by 
accompanying aptamers.	  	  	  	  	  
Introduction 	  
The extent to which small molecules can enter or exit is critical to cell survival. In 
modern cells, transmembrane protein transporters promote the entry of essential nutrients 
for cell proliferation.  Protocells, the first cell forms of life capable of replication, also 
depended on the availability of precursors for their expansion by macromolecular 
synthesis. Experimental results support the RNA world hypothesis, which proposes that 
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RNA molecules performed replication and other enzymatic functions within the bounds 
of a fatty acid membrane of protocells (1-3). Floating in a sea of small organic molecules, 
some of which were precursors for RNA replication, the protocells must have faced the 
same challenge as do modern cells, to selectively concentrate the molecules required for 
cell replication and function.  Fatty acids have been demonstrated to “flip” across a 
micellar membrane and it has been proposed that small molecules might have flipped in 
by association with the charged head-groups. But these are quite nonspecific interactions. 
A protocell that could selectively retain the appropriate small molecule precursors and 
make them available to the replicative ribozymes would have an advantage over others.   
Here we show, experimentally and by mathematical modeling, that RNA aptamers 
present inside a cell are capable of increasing both the total amount and the free 
intracellular concentration of the small molecules to which they bind. A previous 
mathematical model demonstrated that this effect requires aptamer mobility within the 
cells (4).  
Riboswitches, used by modern microbes to regulate the expression of metabolic 
pathways based on the intracellular concentration of metabolic end products, were 
previously suggested as “molecular fossils”. We propose here that riboswitches are the 
evolved forms of “nutrient procurers” of the past and that RNA aptamers were the first 
means of increasing the intracellular nutrient concentration of protocells.   
 
 
 
	  	  
135 	  
Methods 	  
Expression vectors 
Bacterial expression vectors: pMU159 (empty plasmid with T7 promoter used as 
control), pMU174 N1.3 (plasmid with 23NEO1A aptamer under T7 promoter), pJJR248 
(plasmid with 30NEO4A aptamer under T7 promoter), pETDuet-1 (plasmid with two T7 
promoters), pKN60 (pETDuet-1 plasmid with acrD pump and 30NEO4A aptamer under 
respective T7 promoters), pKN61 (pETDuet-1 plasmid with acrD pump and control RNA 
under respective T7 promoters).  
Yeast expression vectors:  pJJRR152 (plasmid with 5S rRNA promoter with 5S 
rRNA, tRNA scaffold and 23NEO1A aptamer), pJJR167 (plasmid with 5S rRNA 
promoter with 5S rRNA, tRNA scaffold and Spinach aptamer), pJJR267 (plasmid with 
GAL1 promoter tRNA scaffold and 30NEO4A aptamer), pJJR269 (plasmid with GAL1 
promoter tRNA scaffold and control RNA).  
E. coli BL21 (DE3) star bacterial cells and BY4735 yeast strain were used to 
transform the bacterial and the yeast expression vectors respectively. Bacterial or yeast 
growth curves were determined using a Biotek Synergy plate reader. Non-tissue culture 
treated, flat bottom 96-well polystyrene microtest plates (BD Biosciences). 96-well plate 
sealing membranes were regular strength breathe-easy sealing membranes (Research 
Products International Corp). 
Aminoglycosides, Neomycin-B, Kanamycin-A and Geneticin (G418), were 
purchased as their sulfate salts from Sigma-Aldrich (St. Louis, MO). 
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Cloning 
Oligonucleotides were obtained from the ISU DNA facility and were cloned in 
bacterial or yeast expression vectors downstream the T7 promoter. The acrD gene was 
amplified from BL21 (DE3) star cells and was digested with EcoRI and HindIII followed 
by ligation into pETDuet-1 vector. The aptamer or the control RNA was also cloned 
under the other T7 promoter in the same pETDuet-1 vectors containing the acrD gene. 
Cell growth analysis 
BL21(DE3) star E. coli (Invitrogen, Eugene, OR) were transformed with the 
bacterial expression vectors and grown for 18h at 37°C in Luria-Bertani broth (LB) with 
100µg/mL ampicillin. The cultures were diluted 100 times and again grown at 37°C to 
OD = 1.0. The cells were again diluted 100 times in LB and grown for 1h with 1mM 
IPTG at 37°C. Aminoglycosides were added according to the experimental protocol and 
the cells were grown for 12h at 37°C in a Biotek Synergy plate reader sealed with 
breathe-easy sealing (Research Products International Corp). OD600 was taken every 5-
20 min, depending on the experiment, to obtain growth curves. 
Saccharomyces cerevisiae BY4735 were transformed with the yeast expression 
vectors following Lazy-Bones transformation method. The transformed cells were grown 
in SD-Uracil media in presence of 2% of glucose or raffinose for 19h at 30°C. Cells were 
diluted to OD 0.2 and Geneticin (G418) was added and grown in SD-Uracil media with 
2% glucose or 2% galactose, 1% raffinose in Biotek Synergy plate reader for 30h at 
30°C. OD600 values were taken every 1h for 30h.  
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RT-PCR 
Bacterial cells harboring pETDuet-1, pKN60 or pKN61 vectors were grown in 1mM 
IPTG in presence of Neomycin-B for 10h. Total RNA was extracted using Trizol method 
then digested with DNaseI (Invitrogen) prior to cDNA synthesis by reverse transcription 
using Superscript III reverse transcriptase (RT) and oligo 5129 (5' 
GCGGAACTGTTCTGGTGTTT 3'). ).  The latter incubations were performed with and 
without RT present.  PCR was then performed to amplify the acrD gene with forward 
primer oligo 5467 (5'ATATATTAGAATTCAATGGCGAATTTCTTTAT-
TGATCGCCCC 3') and reverse primer oligo 5129. 
 
Results 	  
Aptamers increase intracellular free drug concentration 
The increase in total aptamer ligand could be accomplished by the aptamer providing 
additional capacity to hold its ligand, rather than altering the intracellular free 
concentration of ligand. The former might be the result of simple buffering by the 
aptamer, whereas the latter requires aptamer mobility. To test if the intracellular 
concentration of aminoglycosides could be raised by the expression of aptamers, we 
tested the ability of aminoglycosides to kill E. coli that expressed aptamers compared 
with control RNAs. Cells that expressed aptamers grew more slowly in the presence of 
aminoglycosides compared with those that expressed control RNAs (Fig. 2A). This result 
was demonstrated with several combinations of aptamer and aminoglycoside. The result 
of aptamer expression was to decrease the effective concentration of aminoglycoside 
required to kill the cells as demonstrated by a decrease in the IC50 by 2-3-fold due to the 
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expression of aptamers (Fig. 2B).  The same effect of aptamer expression on IC50 for 
killing by G418 was observed in yeast (Fig. 2C). 
The ability of aptamers to accumulate its ligand in the cell can be represented by a 
compartment ODE-based model in which the cells and their proliferation are represented 
by ribosomes (R) that are the targets of aminoglycosides, and mobility of the aptamer is 
modeled by the presence of an additional juxtamembrane compartment that the aptamer 
can populate, but that is not accessible to the ribosome (Fig. 2D). Thus the movement of 
aminoglycoside from the juxtamembrane space to the cytoplasm is driven by the 
transition of aptamer-ligand complex between these compartments. 
Aptamer affinity determines the amount of free vs. chelated intracellular 
aminoglycoside 
Previous studies have selected aptamers based on their abilities to protect cells from 
killing by toxic small molecules (5). The mathematical analysis predicted an optimal 
affinity for ligand to observe an increase in free ligand concentration due to aptamer 
expression. Aptamers with higher affinities were predicted by the model to decrease the 
intracellular concentration of free ligand and thereby protect the cells from killing by a 
toxic ligand. We tested the hypothesis using two neomycin aptamers with different 
affinities for aminoglycosides. The high affinity aptamer (30NEO4A) (6) protected cells 
in which it was expressed from killing by kanamycin A (Fig. 3B). This is in contrast with 
the effect of the lower affinity aptamer (23NEO1A) that promoted killing of the cells in 
which it was expressed.   
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acrD abundance influences the balance of free and bound ligand due to aptamer 
The model represents the drug exporter and intracellular aptamer as a coordinated 
system by which the intracellular free and bound levels of drug are determined. Critical 
parameters include the aptamer affinity and the export rate and inward leakage through 
the pump. To evaluate the system, we compared the effect of expressing the high affinity 
30NEO4A aptamer with or without acrD on the growth rates of cells in the presence of a 
range of aminoglycoside concentrations. The acrD expression levels in wild-type BL21 
cells are low but detectable and the expression of acrD from the plasmid greatly increased 
the level of acrD mRNA (Fig. 4C).  
Whereas 30NEO4A expression protected cells from killing when the expression 
level of acrD was low, this aptamer increased killing of cells that overexpressed acrD 
(Fig. 4B). The same results were observed with two aminoglycosides (paromomycin and 
neomycin) that are tightly bound by the 30NEO4A aptamer. These observations are 
consistent with the pump having both an outward and small inward flow of 
aminoglycosides. As the pump concentrations in the membrane increase, the inward flow 
also increases, thereby enabling the high affinity aptamer to move more aminoglycoside 
into the cytoplasm to increase the free intracellular concentration of the aminoglycosides. 
 
Discussion 	  
Here we have shown that intracellular receptors, such as aptamers, can influence the 
equilibrium across the membrane of a small molecule that they selectively recognize such 
that the free intracellular concentration of the small molecule can be increased inside the 
cell with the presence of the aptamer. The mathematical model by which we first 
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explored this concept was used to demonstrate that the ability of an intracellular receptor 
to increase the intracellular free concentration of ligand required that the receptor be 
mobile in the cytoplasm (4). Thus, intracellular protein or RNA receptors could perform 
this task.   
Previous to the advent of proteins, RNA polymers are proposed to have performed 
the work of replication in the protocells that arose from the primordial soup. In the RNA 
World hypothesis, protocells are believed to have consisted of RNA polymers capable of 
replication surrounded by a fatty acid micelle (3). The precursors for RNA synthesis are 
hydrophilic and cannot readily pass through a fatty acid membrane. Therefore, a cell 
would be advantaged for evolution if it were able to more rapidly capture and concentrate 
the precursors for RNA synthesis. Our results suggest that RNA aptamers could have 
performed this function before proteins evolved to become membrane embedded 
transporters. Perhaps some modern cells are still using aptamers to further accumulate 
certain nutrients brought in by protein pumps. Energy metabolism in microbes depends 
on the intracellular concentrations of small molecules that are frequently brought in from 
the extracellular environment. 
We also show that the effect of aptamer on free intracellular ligand concentration can 
be altered by a change in the level of acrD expression. AcrD has been demonstrated to 
transport ligand in both directions across the membrane (7). This observation is 
consistent with the observation from crystal structures that the RND family of 
transporters, to which acrD belongs, picks up its ligand in the periplasmic space (8, 9). 
Thus, although most ligand is directed out of the cell, some can move into the cytoplasm. 
The presence of a mobile aptamer in the cytoplasm can result in the inward leaking 
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ligand being moved further into the cell cytoplasm, away from the pump and, depending 
on the aptamer affinity, to accumulate at higher concentrations in the cell than in the 
absence of aptamer.     
The observation that aptamers can increase the intracellular concentrations of small 
molecules in the context of a drug pump suggests that they have potential for therapeutic 
treatments of diseases such as cancer. We have dubbed aptamers that can increase 
intracellular drug concentrations as “Drug binding aptamers for growing intracellular 
numbers”, abbreviated as DRAGINs. There are many potential drug targets inside cells, 
which are often referred to as undruggable because drugs cannot reach sufficiently high 
intracellular concentrations to be effective. DRAGINs might convert these undruggable 
proteins to effective chemotherapeutic targets. Another potential area of application of 
intracellular aptamers is in synthetic biology requires the accumulation of small 
molecules within the “cell” to drive activities.  
Although in our studies we have used RNA aptamers as the intracellular receptors to 
shift the distribution of their ligand into the cell, proteins that are mobile can also perform 
this function. We demonstrated this with a PDE-based model in which the protein target 
of the drug was modeled as immobile. Under this condition the aptamer drove an increase 
in intracellular drug and the enzyme was further inhibited due to the increased 
intracellular free drug concentration brought about by the aptamers. However, when the 
enzyme was made mobile, it performed the same function as the aptamer. Thus, another 
means of changing undruggable targets into chemotherapeutic targets may be to develop 
treatments that convert an immobile undruggable target to a mobile drug target.  
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There are also other implications of understanding how aptamers increase the 
intracellular concentrations of their target molecules. Cells exist in environments 
containing many chemicals, some toxic and others beneficial. The ability to increase 
intracellular concentrations of a small molecule for which an aptamer can be developed 
could increase the efficiency of cells that degrade environmental toxins. The degrading 
enzymes are located inside the cell and depend on the movement of their substrates 
through the cell membrane. Manipulations of the enzymes that increase Kcat or decrease 
Km are not effective if the intracellular concentrations of the substrates cannot be 
increased to take advantage of the improved enzyme efficiencies. Expressing aptamers 
from specific gene promoters could also be used to image cells with radiolabeled 
nontoxic target molecules for the expressed aptamers. 
In summary, our results demonstrate that mobile intracellular binding sites for 
extracellular small molecules influence the intracellular concentrations of these 
molecules. This finding provides a feasible hypothesis to explain the means by which 
protocells concentrated their ribonucleotide substrates. The concept that intracellular 
entities can influence accumulation of small molecules inside cells that move across the 
membrane provides a new dimension to understanding how cellular metabolism is driven 
and how the concentrations of drugs, toxins and energy sources can be altered in cells.  
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Figure Legends 	  
Figure 1. Aptamer expression increases the intracellular concentration of its ligand.  
Cells expressing control RNA (MU159) or the neomycin-B aptamer (N1.3) were grown 
for three hours in the presence of 5 µM Cy3-paromomycin then collected and read by 
fluorescence spectroscopy with λex=510 nm λem=563 nm.  The relative amounts of 
fluorescence in the two controls (no Cy3-paromomycin and Cy3-paromomycin added 
directly before collecting the cells) and the 3h incubation with Cy3-paromomycin.  
Figure 2. The effect of aptamer expression on cell growth.  A. Representative growth 
curves. BL21 cells expressing control RNA or the neomycin-B aptamer (N1.3) were 
grown for 8 h after the addition of 1 mM IPTG with their density determined each hour. 
B. Aptamer expression decreases the IC50 for cell growth.  Cells expressing control 
RNA (MU159) or the neomycin-B aptamer (N1.3) were grown the presence of various 
concentrations of neomycin and their densities after 1 h were plotted against the 
neomycin concentration. This data is representative of three experiments from which 
similar results were obtained. C. The effect of 23NEO1A aptamer expression in yeast 
on aminoglycoside sensitivity. Saccharomyces cerevisiae (strain BY4735) expressing 
control RNA (Spinach) or the neomycin-B aptamer (23NEO1A) were grown in SD-
Uracil medium with 2% glucose in presence of various concentrations of G418 and their 
normalized growth rates were plotted against the G418 concentration. D. The cellular 
compartments of the mathematical model.  
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Figure 3. The aptamer affinity determines if it protects or kills the cells in which it is 
expressed. BL21 cells expressing control RNA (MU159) or the low affinity neomycin-B 
aptamer (23NEO1A) or the high affinity neomycin-B aptamer (30NEO4A) were grown 
in presence of various concentrations of Kanamycin-A after induction with 1mM IPTG 
and their normalized growth rates were plotted against the Kanamycin-A concentration.  
Figure 4. The acrD expression level determines the effect of aptamer on cell 
proliferation. A. Endogenous acrD expression, BL21 cells expressing the control RNA 
(MU159) or the high affinity neomycin-B aptamer (30NEO4A) were grown in presence 
of various concentrations of Neomycin-B after induction with 1mM IPTG and their 
normalized growth rates were plotted against the Neomycin-B concentration. B. 
Overexpresed acrD, BL21 cells expressing the acrD drug pump upon IPTG induction 
and also expressing either the control RNA or the high affinity neomycin-B aptamer 
(30NEO4A) were grown in the presence of Neomycin-B at the indicated concentrations. 
The growth rates, normalized to the rate for each culture in the absence of 
aminoglycoside, are plotted against the Neomycin-B concentration. C. acrD mRNA 
levels. RT-PCR of the acrD mRNA from the BL21 cells expressing the endogenous acrD 
and transformed with the control plasmid (pETDuet-1) or expressing additional acrD in 
presence of control RNA or the 30NEO4A aptamer from appropriately constructed 
plasmids based on the pETDuet-1 vector. 
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CHAPTER 5. GENERAL CONCLUSIONS 
 
Live Cell Imaging of Pol II Promoter Activity Can be Achieved by IMAGEtags 	  
IMAGEtags (Intracellular MultiAptamer GEnetic tags) provide an aptamer-based 
sensor to detect Pol II promoter activity. This type of probe has several advantages 
compared to the current methods of detecting live cell gene expression. The 
multiaptamers are linked to the mRNA transcribed from the Pol II promoter from a 
plasmid platform that can be easily transfected into the cells eliminating the delivery 
issues associated with labeled aptamer probes. High background noise is a serious issue 
to be dealt in molecular imaging techniques. One of the greatest advantages of the 
IMAGEtag system is the use of multiaptamers to generate FRET signal. The introduction 
of a FRET system for signal detection automatically takes care of lot of the background 
as true FRET can be achieved by dipole interactions between the donor and the acceptor 
fluorophore only at certain distances. Although there are some non-specific FRET signals 
obtained from the cells, correct calibration controls and quantitative analysis are capable 
of distinguishing true FRET signal from noise. Constructing properly folded aptamers in 
tandem repeats establishes proper conditions for FRET and thereby enriches the signal on 
the RNA. Hence this system allows increase in FRET signal with increase in transcript 
numbers in the cell due to promoter activation. Simple real time measurements of 
transcription can be done without using sophisticated algorithms. Moreover the labeled 
ligands or the expressed multiaptamers do not alter the cellular viability or endogenous 
gene expression. IMAGEtags are also short-lived RNAs which would allow them to 
image gene turn-off events. 
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The IMAGEtag system has the potential to be applied to answer various biological 
questions. One of them is to identify the changes in gene expression pattern in cells when 
they are communicating with each other and with their immediate environments such as 
the extracellular matrix. For example the IMAGEtags can be inserted downstream of a 
promoter like PAI-1 (Plasminogen activator inhibitor-1) and transfected into endothelial 
cells. Pericytes are known to interact with endothelial cells along the capillaries. The 
PAI-1 promoter activity could be monitored with the current technique upon interaction 
of the pericytes with the endothelial cells. Measuring promoter activity will provide the 
tool for examining specific growth factors released by the pericytes responsible for 
paracrine regulation of endothelial cells. Gene repression can be also imaged with the 
IMAGEtags. IMAGEtags are short-lived RNA, which make them suitable for imaging 
decline in transcript levels as soon the promoter has turned off. 
All technologies have some limitations associated with them. Similarly there are still 
some issues with IMAGEtags those need to be addressed to broadly apply them to image 
RNA biology. One of them is to increase signal linearly with increasing number of 
aptamer units. Currently the system has been shown to work with 5 & 6 aptamers but 
studies with 12mer, 18mer did not show increased signal. With current folding algorithms 
and structural information it is possible to change the stems or the linkers to achieve 
properly folded aptamer units with higher numbers of multimers that would result in 
increased FRET output. Although FRET shows lower background compared to single 
fluorophore based techniques, noise still need to be reduced. Constructing IMAGEtags 
with high affinity aptamers might lead to high signal to noise ratio. The system can also 
be constructed with two different aptamers that bind different ligands with high affinity. 
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Cloning the aptamers adjacent to each other will allow binding to the specific ligands 
labeled differently and result in true FRET. It has been reported previously that the GAL1 
promoter turns on in about 10 min after addition of galactose. We have imaged 
transcription initiation events from the GAL1 promoter with IMAGEtags but we could 
achieve signal only after a delay of ~40 min upon promoter activation High affinity 
aptamers might also allow imaging the transcript levels within the first few minutes after 
the promoter turns on.  
Ligand selection also needs to be optimized to image in higher eukaryotic organisms 
like mammalian cells. Aminoglycosides are not very permeable in mammalian cells and 
higher concentrations of PDC ligand may be toxic to mammalian cells. Other small 
molecules that are highly permeable and less toxic in mammalian cells might be 
necessary along with their aptamers. Molecules like DFHBI have shown to be non-toxic 
and readily enter mammalian cells, but mRNA imaging still remains a challenge with 
Spinach2 aptamer and DFHBI due to fast fluorescence decay and low intensity. The 
DFHBI molecule can be modified to be non-fluorescent even after aptamer binding and 
labeled with Cyanine fluorophores to achieve FRET in an IMAGEtag system that can be 
applied in mammalian cells. With the new modifications to the IMAGEtags the system 
has the potential to be used for imaging single mRNA molecules in mammalian cells. 
 
Developing an Additional Imaging System with Aptamers 	  
The DRAGIN (Drug binding aptamer for growing intracellular numbers) is an 
additional imaging approach along with IMAGEtags. In this system, the aminoglycoside 
binding aptamers are expressed in the cells and have been shown to increase the 
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intracellular concentration of the labeled aminoglycoside ligand. The ligand, once 
concentrated inside the cells, may remain in aptamer bound or free states depending on 
the affinity of the aptamer for the ligand. As aminoglycosides are toxic to bacterial cells, 
we have monitored the survival of the cells at different concentrations of the 
aminoglycosides as a measure of aptamer function. The high affinity 30NEO4A aptamer 
has been shown to bind the drug and protect the cells at higher aminoglycoside 
concentrations. On the other hand the low affinity 23NEO1A has been shown to kill the 
cells at lower aminoglycoside concentrations. The 30NEO4A aptamer has potentials to be 
used for imaging RNA with fluorescent or radioactive reporters. The protective effect of 
the 30NEO4A aptamer on bacterial cells suggests that the aminoglycoside remains in a 
bound form with the aptamer, thereby being sequestered from the ribosome. This is a 
very useful property required for aptamers to be used for imaging target RNA because 
unbound ligands generate background noise. This aptamer can also be used for imaging 
eukaryotic cells in future. If most of the ligands remain bound to the 30NEO4A aptamer 
then much lower concentration of ligand will be necessary for imaging thereby 
decreasing the toxic effect (if any) of the ligand on the cells. In addition this aptamer can 
also be used to construct future IMAGEtags by virtue of its high affinity for its ligand. 
For imaging cells in tissues, radioimaging is required. For this purpose the 
aminoglycoside ligands can be radiolabeled and the 30NEO4A aptamer can be expressed 
in mammalian cells under an inducible promoter. In early experiments to determine the 
ability of IMAGEtags to report gene expression in vivo, cells that express IMAGEtags 
constitutively will be implanted in rats and injected with the radiolabeled 
aminoglycoside. The animal will be imaged using a PET (Positron emission tomography) 
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scanner that can image the aptamer expression. This approach is applicable when the 
effects of inflammatory agents are to be assessed on specific cell types. 
The 30NEO4A aptamer has also been shown to kill the bacterial cells in a condition 
where the acrD drug pumps are overexpressed. The acrD pump is an aminoglycoside 
specific pump. In native conditions when the pumps are expressed at lower levels the 
equilibriums exist mainly between the ribosome and the aptamer to bind to the drug. 
Once the pumps are overexpressed a new equilibrium is established with the pump, 
aptamer and ribosomes to bind to the drug. Under these conditions the aptamer increases 
the intracellular concentration of free ligand to the point that the cells are killed. These 
results can be interpreted that the pump has both an outward and inward flow. With more 
pump molecules, the probability increases that aminoglycosides will cross into the 
cytoplasm, even for a brief period at which time they could be picked up by the aptamers. 
The DRAGINS system needs to be further developed in cancer cells to test if the killing 
effect is seen in presence of the drug pumps.  
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APPENDIX. DEVELOPMENT OF AN APTAMER BASED 
RADIOIMAGING APPROACH TO MONITOR GENE EXPRESSION 
 
 
Introduction 	  
Organ transplantation is currently a common therapeutic approach worldwide.  
Immunosuppressive drugs can maintain these transplants. Although the short-term 
survival of transplanted tissues are very high, long-term survival still remains 
challenging. Moderate dose of the immunosuppressive drugs over a long period allows 
local subclinical inflammation (SCI) that can result in organ failure. A non-invasive 
assessment of SCI is hence necessary and several techniques have been developed that 
image the T-cell and macrophages accumulated around the transplants. But none of these 
techniques image the tissue that undergoes damage. SCI results in activation of 
inflammation responsive genes and detection of this gene expression would allow an 
early detection of SCI. With a goal of imaging expression from these promoters we are 
currently developing a technique to image gene expression using radioactive contrast 
agents and aptamers. The IMAGEtag system has the potential to be used for imaging 
promoter activity from different types of promoters. Yet this system is based on FRET 
output that limits its application in deep tissue imaging. To image gene expression from 
whole animals radioisotopes provide an edge over fluorescence. 
The early steps of developing a radioligand-based imaging system requires 
identifying aptamers that can bind to a small molecule ligand, which is non toxic and can 
be easily radiolabeled. In the DRAGINS paper the 30NEO4A aptamer was shown to 
protect the bacterial cells from being killed by an aminoglycoside, which suggested that 
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the expressing aptamer bound and sequestered the aminoglycoside. The 30NEO4A 
aptamer is one potential aptamer to be used in this project. I have also tested the Spinach2 
aptamer that has already been shown to function in mammalian cells (49). In this project I 
designed multimers of the Spinach2 aptamer in silico and tested a Spinach2 dimer to 
check for linear increase in fluorescence output. Several modifications have been made to 
the DFHBI (3,5-difluoro-4-hydroxybenzylidene imidazolidone) compound and I tested 
each of them for fluorescence and found the ligand with maximum binding to the 
Spinach2 aptamer and determined its affinity. The results show that modification of the 
DFHBI ligand at N1 allows the aptamer to bind the Spinach2 aptamer. The modified 
groups will be used for radiolabeling with 18F via click chemistry. The affinities of the 
Spinach2 aptamer for the current DFHBI derivatives are low and need to be increased for 
effective imaging applications. This might be achieved by “doping” the current aptamer 
and selecting from the “doped” pool. Doping can be done by partially randomizing the 
aptamer sequence at every position with a certain mutation rate.  Alternatively a new 
aptamer can be selected against the modified DFHBI that has a high affinity for the 
ligand. 
 
Materials 	  
Phusion High fidelity DNA polymerase kit (NEB cat# E0553S), Ampliscribe T7-
Flash Transcription kit (Epicentre Biotechnologies, Cat# ASF3507), DFHBI (48) (3,5-
difluoro-4-hydroxybenzylidene imidazolidone); DFHBI-2T(160), (Z)-4-(3,5-difluoro-4-
hydroxybenzylidene)-1-methyl-2-(trifluoromethyl)-1H-imidazol-5(4H)-one; GK108,(Z)-
4-(4-hydroxybenzylidene)-1-methyl-5-oxo-4,5-dihydro-1H-imidazole-2-carbaldehyde; 
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GK109, 2-((E)-4-ethynylstyryl)-5-((Z)-4-hydroxybenzylidene)-3-methyl-3,5-dihydro-4H-
imidazol-4-one; GK110, (Z)-5-(4-hydroxybenzylidene)-2-methyl-3-(prop-2-yn-1-yl)-3,5-
dihydro-4H-imidazol-4-one; GK111, (Z)-3-(2,4-dimethoxybenzyl)-5-(4-
hydroxybenzylidene)-2-methyl-3,5-dihydro-4H-imidazol-4-one; GK112, (Z)-5-(4-
hydroxybenzylidene)-2-methyl-3-octyl-3,5-dihydro-4H-imidazol-4-one. Binding buffer 
(125mM KCl, 5mM MgCl2, 40mM HEPES pH 7.4). Oligonucleotides used for synthesis 
of Spinach2 and Spinach2 multimers were synthesized from ISU DNA facility. Their 
sequences are as follows: 
Oligo 5936:   
5’TAATACGACTCACTATAGGGATGTAACTGAATGAAATGGTGAAGGACGGGT
CCAGTAGGCTGCTTCGGCAGCCTACTTGTTGAGTAGAGTGTGAGCTCCGTAAC
TAGTTACATC 3’ 
Oligo 5937: 5’ GATGTAACTAGTTACGGAGCTCACAC 3’ 
Oligo 5940:  
5’TAATACGACTCACTATAGGGATGTAACTGAATGAAATGGTGAAGGACGGGT
CCAGTAGGCGCTGAATGAAATGGTGAAGGACGGGTCCAGTAGGCTGCTTCGG
CAGCCTACTTG 3’ 
Oligo 5941: 
5’GATGTAACTAGTTACGGAGCTCACACTCTACTCAACAAGTAGGCGCTAGTT
ACGGAGCTCACACTCTACTCAACAAGTAGGCTGCCGAAGCAGCC 3’ 
Oligo 5942: 5’ TAATACGACTCACTATAGGGATGTAACTG 3’ 
Oligo 5943: 5’ GATGTAACTAGTTACGGAGCTCACA 3’ 
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Methods 	  
In silico designing of Spinach2 multiaptamer secondary structures 
Multiaptamer designs were based on the Mfold predicted secondary structure of 
Spinach2. The stem loop 2 of the Spinach2 aptamer was modified to insert new aptamer 
units. The sequences were folded using Mfold to generate secondary structures. 
Secondary structure prediction was also done using Kinefold that gives 
cotranscriptionally folded structure. Dimeric, trimeric, tetramer and pentameric Spinach2 
were folded. The folding was also done with the multiaptamer flanked by the 5’ and 3’ 
Lys-tRNA stems.  
Preparation & analysis of Spinach2 and Spinach2 dimers (Spinach2-2x) 
RNAs were prepared from DNA templates, which were synthesized from oligo 5936, 
oligo 5937 (Spinach2) and oligo 5940, 5941 (Spinach2-2x) and PCR amplification was 
done using oligo 5942 and oligo 5943. PCR products were then purified using PCR 
purification columns (Qiaquick) and were used for in vitro transcription with Ampliscribe 
T7 flash in vitro transcription kit (Epicenter). The transcribed RNA was purified using 
spin columns (Bio-spin 6 columns, Biorad). A 2% agarose MOPS formaldehyde gel was 
run to confirm the sizes of the transcribed RNAs. For fluorescence assays, 1 µM of RNA 
was incubated for 30 min at 23oC with 10 µM of DFHBI in a buffer with 125 mM KCl, 
5 mM MgCl2, 40 mM HEPES pH 7.4 at room temperature, 5% DMSO. Images of tubes 
with RNA and/or DFHBI were captured under 365nm light. Fluorescence intensities were 
measured with Varian Cary Eclipse Spectrophotometer. 
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DFHBI displacement assay 
In vitro transcribed Spinach2 RNA (1 µM) was incubated with 5 µM of DFHBI in a 
buffer with 125 mM KCl, 5 mM MgCl2, 40 mM HEPES pH 7.4 at room temperature, 
2.5% DMSO for 30 min at 23oC. This complex was incubated with or without 50 µM of 
DFHBI-2T or GK108 or GK109 or GK110 or GK111 at 23oC for 30 min. Fluorescence 
intensities were measured with Varian Cary Eclipse Spectrophotometer. This assay is 
represented diagrammatically in Figure 4 (A). 
 
Results 	  
Engineering a functional Spinach2 multiaptamer 
The multiaptamer sequences were predicted to adopt functional secondary structures 
when folded by Mfold or Kinefold. The Spinach2 structure already showed a stable stem 
and stem loop 2 (49) . The stem loop 1 and stem loop 3 were previously shown to be 
important in generating the fluorescence upon binding DFHBI (106). So the stem loop 2 
was used to generate the Spinach2 aptamers multimers. The two stem loops 1 & 3 were 
predicted by MFold and Kinefold to fold in all the predicted structures including the t-
RNA scaffold on either sides of the multiaptamer  (Fig. 1).  
Multimerization leads to enhanced fluorescence 
To evaluate if the predicted structure actually folded to form a functional RNA or 
not, the Spinach2-2x (Dimer) was in vitro transcribed and checked for size and integrity 
with respect to the Spinach2 aptamer (Fig. 2A). After incubating with DFHBI, the Dimer-
DFHBI complex did not show any shift in spectra compared to the monomer-DFHBI 
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complex (Fig. 2B-C). The controls like DFHBI alone or the RNAs alone did not show 
any fluorescence. Quantitative measurement of fluorescence showed that the dimer 
fluorescence was almost 1.8 fold higher than the monomer fluorescence on a molar basis. 
This suggests that the engineered dimers fold properly such that each aptamer in the 
dimer sequence binds to DFHBI.  
Potential ligands of Spinach2 aptamer 
Several ligands were synthesized and tested to bind to the Spinach2 aptamer. These 
compounds were not fluorescent in complex with the Spinach2 aptamer. So a DFHBI 
displacement assay was done to establish the abilities of these compounds to Spinach2 
aptamer (Fig. 4A). In the presence of ten-fold excess of some compounds like the 
GK110, GK111and GK112, the Spinach2-DFHBI complex decreased in fluorescence, 
which suggested that they bound to the aptamer (Fig. 4B). These compounds are suitable 
candidates for radioactive labeling in future for developing the technology to radioimage 
mRNAs in vivo. GK111 shows a Ki of 1.7 µM (Fig. 5). 
 
Discussion 	  
The Spinach2 aptamer has been shown to be more thermostable compared to the 
original Spinach aptamer (1) that makes it more suitable for imaging in cells. Moreover 
DFHBI has been shown to be non- toxic in mammalian cells, which makes it attractive 
for radiolabeling. But for labeling with 18F, the ligand needs to be modified. Several 
modified DFHBI ligands have been synthesized and tested for binding. The ligands did 
not show any fluorescence upon incubating with the Spinach2 RNA. The best binders 
were GK110, 111 and 112. GK111 showed an affinity to the aptamer and the Ki was 
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measured to be ~3.5 µM. To increase the sensitivity of the Spinach2 aptamer based 
imaging we have designed a method of making multimers using the aptamer. This 
strategy showed that up to 5mers of the Spinach aptamer could be synthesized that folded 
correctly to form the binding pockets (Fig. 1). For radioactive labeling we require a 
ligand that binds with higher affinity to the aptamer that would decrease the background 
from unbound ligand. The current results lead us to dope the current aptamer or select a 
new aptamer against GK111 with a high affinity. Additionally the multimer design 
strategy would allow us to design multimers of the new aptamer that would also increase 
the signal/noise ratio.     
 
Figure Legends 	  
Figure 1. Predicted secondary structures of Spinach2 and its multimers.  The 
Spinach2 aptamer was modified in the stem loop 2 to insert sequences of another unit of 
the aptamer. The sequences of A) Spinach2, B) Spinach2-2x (Dimer), C) Spinach2-4x 
(Tetramer) were folded using Mfold. D) Spinach2-4x with the t-RNA scaffold was folded 
cotranscriptionally using Kinefold. 
Figure 2. Spectral analysis of Spinach2-2x activity compared to Spinach2. The 
Spinach2 and the Spinach2-2x (dimer of Spinach2) were in vitro transcribed and 
incubated with the DFHBI ligand to compare their spectral characteristics. A) RNA 
denaturing gel showing the in vitro transcribed Spinach2 and Spinach2-4x RNAs.  
B) 1 µM Spinach2 or Spinach2-2xRNAs were incubated with or without 10 µM of 
DFHBI for 30 min at room temperature. Emission scans were taken upon excitation at 
450nm. C) Image showing tubes from left to right with 10 µM DFHBI only, 1 µM 
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Spinach2-2x RNA only and 1µM Spinach2-2x with 10 µM DFHBI. D) Fluorescence 
intensity of 1µM RNAs incubated with 10µM DFHBI in conditions similar to B).  
Figure 3. Compounds screened for radiolabeling. 1) GK108; (Z)-4-(4-
hydroxybenzylidene)-1-methyl-5-oxo-4,5-dihydro-1H-imidazole-2-carbaldehyde. 2) 
GK107; 5-((Z)-3,5-difluoro-4-hydroxybenzylidene)-3-methyl-2-((E)-styryl)-3,5-dihydro-
4H-imidazol-4-one. 3) GK110; (Z)-5-(4-hydroxybenzylidene)-2-methyl-3-(prop-2-yn-1-
yl)-3,5-dihydro-4H-imidazol-4-one. 4) GK111; Z)-3-(2,4-dimethoxybenzyl)-5-(4-
hydroxybenzylidene)-2-methyl-3,5-dihydro-4H-imidazol-4-one. 5) GK112; (Z)-5-(4-
hydroxybenzylidene)-2-methyl-3-octyl-3,5-dihydro-4H-imidazol-4-one.  
Figure 4. DFHBI displacement assay to identify potential ligands that bind Spinach2 
A) DFHBI displacement assay. The Spinach2 aptamer binds to the DFHBI ligand 
upon incubation to yield fluorescence with emission maxima at 501nm. Potential ligands 
that are non-fluorescent (labeled as L) are incubated at 10-Fold the molar concentration 
of the aptamer-DFHBI complex, which results in the displacement of the DFHBI and 
subsequent loss in fluorescence signal if L binds to the aptamer. B) The compounds 
shown in Figure 4 were tested with this assay to determine if they bind to the Spinach2 
aptamer.  
Figure 5.  GK111 binding assay 
To test the binding of GK111 to Spinach2 aptamer, 500 nM of Spinach2 aptamer 
was incubated with 500 nM of DFHBI for 30 min at 23° C. Several concentrations of 
GK111 were incubated with the complex for 30 min and then fluorescence measurement 
was taken at 501 nm emission maxima. For each concentration of GK111 a blank 
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concentration was subtracted. Fraction of fluorescence decrease was plotted with the 
concentrations tested. 
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